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RECOMMENDATIONS 

The importance of obtaining seasonal data on Lake Michigan for major or 
even relatively small areas of the basin is apparent to anyone who has 
attempted to use historical data either for scientific or management purposes. 
Unfortunately, data that could be used to answer questions that are raised 
about nutrient enrichment and eutrophication are not available in the 
historical data base* Even more unfortunately, there is presently no 
systematic effort to correct this situation for future researchers and 
managers. No lake-wide or seasonal studies have been conducted since 
1976-1977 when the present study and the one by Rockwell et al. (1980) were 
undertaken. It is therefore important to initiate a series of studies on Lake 
Michigan that would correct this deficiency and fulfill the needs listed 
below. 

For convenience of presentation, recommendations have been listed under 
three headings: ecosystem studies and processes, assessment of long-term 
changes, and special problem areas. However, open-lake studies on long-term 
changes and ecosystem processes cannot be separated completely because data 
from one type of study can be transferred to another. In contrast, studies 
related to special problem areas may be more specific and may not have 
specific applicability to the entire lake basin. 

ECOSYSTEM STUDIES AND PROCESSES 

Although the present study was designed to provide data related to 
problems of eutrophication and nutrient enrichment, it should be realized that 
these data will also be useful in assessing ecosystem changes that result from 
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other types of anthropogenic inputs. Future programs should be directed to 
comprehensive studies of ecosystem functions and processes as well as to 
obtaining descriptive data on environmental properties. 

Effort should be directed to studies of seasonal changes in physical- 
chemical conditions and how they are related to species composition and 
dynamics of phytoplankton and zooplankton. Such a study could be undertaken 
in conjunction with the study of seasonal and spatial changes in total 
phosphorus. 

A study should be undertaken to determine the sources of variability in 
sampling total phosphorus concentrations in the lake. This study should be 
designed to determine whether seasonal and depth differences in total 
phosphorus concentrations are present. 

Studies on the dynamics of phosphorus in the system should be undertaken. 
Rates of recycling and losses and how they are affected by different ecosystem 
processes are important because the absolute concentration of total phosphorus 
in the water is not large, approximately 8 ixq P/liter on an average basis. 
Only small reductions in absolute concentrations can be expected as the result 
of different phosphorus control strategies because Lake Huron and Lake 
Superior, the most oligotrophic of the Laurentian Great Lakes, have average 
total phosphorus concentrations of 5 and 4 tig P/liter. 

ASSESSMENT OF LONG-TERM CHANGES 

One of the greatest long-term record needs is for additional data on 
species composition and abundance of phytoplankton. The scant historical 
record shows that phytoplankton communities have changed drastically. It is 
likely that several series of species dominances and subsequent replacement by 
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other species have occurred in the lake in the last 30 to 60 years . No other 
indicator of environmental change offers this degree of sensitivity nor number 
of entities (species) that can be related to change. Studies of phytoplankton 
are needled on an annual basis so year-to-year variability can be separated 
from long-term changes in water quality. 

Studies on other biological components of the system can increase our 
understanding of system dynamics and aid in assessing long-term changes in 
water quality. However, it is not likely that changes in water quality can be 
as readily related to zooplankton species composition and abundance as can be 
done for phytoplankton species composition and abundance. The same can be 
stated for benthos. Relatively few long-term studies of benthos and 
zooplankton have been undertaken, and historical changes in species 
composition of either benthos or zooplankton have not been as drastic as those 
for phytoplankton. There has been no lake-wide disappearance of dominant 
benthic organisms, for example. 

Data should be obtained on long-term changes in different chemical 
constituents of lake waters. For many of the variables of interest, 
particularly nutrients, data can be obtained at relatively little cost in 
conjunction with studies of seasonal dynamics. Data must be obtained over a 
large enough geographic area to be representative of lake-wide conditions. 
Sample strategies must be based on seasonal dynamics of the variables of 
interest. Data on chloride, for example, can be collected relatively 
infrequently because of its conservative behaivior; whereas, much more sampling 
is necessary to assess long-term changes in nutrients. Data are also needed 
to assess long-term changes in trace metals and toxic organics. Analytical 



costs to obtain these data dictate that sampling efforts should be optimized 
to yield the greatest amount of information at a reasonable cost. 

SPECIAL PROBLEM AREAS 

Assessing changes in the open lake is a separate and distinct problem 
compared to evaluating changes in smaller portions of the lake basin. There 
are three distinct special problem areas that should be considered separately 
from open-lake assessment. The three areas are: 1) the nearshore zone in 
general, but especially near large anthropogenic nearshore loadings; 2) Green 
Bay and the area influenced by exchange of water between the bay and open 
lake; and 3) the Straits of Mackinac and the area influenced by exchange of 
water between Lake Michigan and Lake Huron. Each of these areas has unique 
features and problems that should be investigated. Studies of impacted 
nearshore areas would be most critical in the future because processes in 
these areas affect the input of pollutants to the offshore portions of the 
lake. 

These recommendations have been formulated in relation to problems 
related to nutrient enrichment and eutrophication. However, they also are 
important in addressing questions that are related to basic understanding of 
system processes and if implemented would provide useful information related 
to problems other than eutrophication. 
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LIMNOLOGICAL CHARACTERISTICS OF 
NORTHERN LAKE MICHIGAN, 1976 



Part 1. Physical-chemical Conditions 



by 



Claire L. Schelske, Russell A. Moll, 
and Thomas D. Berry 



INTRODUCTION 

Lake Michigan is probably the most interesting of the upper Great Lakes 
as a subject for study of nutrient enrichment effects on phytoplankton. It is 
the most eutrophic of the three upper Great Lakes , but few of the classical 
characteristics of eutrophic environments have been reported from the lake. 
In the main lake the extent of oxygen depletion is small (Ayers et al. 1967) , 
and gross changes in plankton and benthos , of the type recorded for Lake Erie, 
have not been reported for Lake Michigan (Schelske 1975). On the other hand, 
some changes in the phytoplankton flora were apparent from collections made 
more than 40 years ago (Stoermer and Yang 1969). 

Many of the environmental changes associated with nutrient enrichment 
probably occurred in the last 30 years, particularly in the phytoplankton 
(Schelske 1975). Nuisance blooms of Stephanodiscus hantzschii and S. 
binderanus first became evident in the Chicago water intakes in 1956. 
Possibly, the most obvious and pronounced change in phytoplankton species 
composition occurred within the last 15 years, i.e., the shift in the summer 
phytoplankton communities dominated by diatoms to those dominated by blue- 
green and green algae. Such a shift in species composition was predicted by 
Schelske and Stoermer (1971) as the result of silica depletion in surface 
waters that was caused by phosphorus enrichment and increased growth of 
diatoms. The associated changes in the standing crop and species composition 
at the primary producer level probably affect higher trophic levels, 
particularly the zooplankton; but some of these effects have been attributed 
to fish predation (Gannon 1972). 



The shift in phytoplankton species composition, which occurs in late 
summer and early fall, has been verified several times in published studies 
(Stoermer 1972, Schelske et al. 1976 f Conway et al. 1977) , and is also 
verified in Part 2 of this report. Recent analyses of historical data on 
silica concentrations in Lake Michigan indicate that environmental conditions 
in the open waters changed rapidly after the mid 1950s. The historical data 
indicate that summer silica concentrations decreased rapidly from 1954-55 to 
1969 , changing summer epilimnetic waters in 15 years or less from those that 
were rich in silica to those in which silica concentrations limited diatom 
growth (Schelske et al. 1980). This relatively recent change at first appears 
to be inconsistent with some preconceived notions about the lake; however, it 
is consistent with the phytoplankton data from Chicago and with historical 
phosphorus loadings that have been simulated, by Chapra (1977). The rapid 
decline in silica concentration appears to be correlated with increased 
phosphorus loadings from domestic wastes and the introduction of phosphate 
detergents, and therefore to have been the result of increased phosphorus 
loadings in the last 25 or 30 years. 

Although it is generally accepted that the southern part of Lake Michigan 
has been affected more by the combined impact of anthropogenic materials than 
the northern part, there are relatively few studies that have addressed this 
problem. From the standpoint of nutrients and phytoplankton species 
composition, it was shown in 1969 that silica was depleted in the southern and 
northern epilimnetic waters (Schelske and Callender 1970) and that blue-green 
algae were a major component of the phytoplankton in northern Lake Michigan in 
September 1973 (Schelske et al. 1976). This shift in species composition of 
phytoplankton was reported in southern Lake Michigan during 1970 (Stoermer 



1972). Stoermer and Yang (1969) found that phytoplankton composition in the 
southern part of the lake had been modified more than in the northern, but 
that the greatest effects were found in harbors and near shore areas r 
particularly those in the southern part. 

The purpose of our study was mainly to characterize northern Lake 
Michigan with respect to selected physical-chemical conditions and the 
standing crop and species composition of the phytoplankton* The data f along 
with those collected by Rockwell et al. (1980) , will be important for their 
usefulness as reference points for comparison of past and future studies of 
Lake Michigan. In addition, data in this report are used to describe seasonal 
and spatial relationships of nutrients and phytoplankton in the lake. Such 
information is essential as a basis for the evaluation of trophic state and 
water quality (Bartone and Schelske 1982). 

STATION SELECTION 

Stations for study in northern Lake Michigan were selected to address 
several questions related to physical, chemical, and biological conditions in 
the open-lake, inshore-offshore differences, and influences of hydrologic 
exchange with Lake Huron through the Straits of Mackinac. Open-lake data are 
needed to determine whether there have been changes in different 
characteristics of the lake with time (Schelske et al. 1980), and to answer 
questions on the state of the lake. Near shore stations were selected to 
determine the extent of inshore-offshore differences in chemical and 
biological constituents. These data are needed to determine the importance of 
nearshore loading on nearshore processes and the standing crop of 
phytoplankton . 



Four transects of east-west stations were selected to study the 
distribution of open-lake variables in space and time. These transects were 
approximately eqidistant, and ran between natural physiographic features, 
either points on the shoreline or islands in the lake (Fig. 1). Some 
transects ended at islands because we wanted to determine whether inshore- 
offshore differences were present when shoreline sources of nutrient loading 
were reduced. 

A north-south transect running south from Beaver Island was included so 
we could determine if the chemical and biological properties of water on this 
transect were different from those in other parts of the lake. The pattern of 
water movement near this transect is generally directed northward, whereas 
flow of water is generally to the south at the west end of the east-west 
Beaver Island transect. 

In total, 65 stations were selected for study. Forty-five of these 
stations were in the main part of the lake and 25 were in the area west of the 
Straits of Mackinac (Fig. 1). Sampling depths and number of depths for each 
station are listed in Table 1. 
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Near shore stations were placed at the end of each transect , including 
those transects west of the Straits of Mackinac. These near shore stations are 
not shown on Figure 1 and, with the exception of Station 30 located near 
Washington Island, were located at a depth of 7.3 m. 

One master station was selected on each of the four east-west transects. 
Master stations were included to investigate the vertical structure in greater 
detail than could be accommodated within the time available for sampling at 
all stations. As many as 17 depths were sampled at one master station 
(Table 1) and it would not have been possible to sample with this intensity at 
every station. Master stations were Stations 6, 17, 25, and 36 (Fig. 1). 

DISCUSSION 

The intent of this report and the accompanying report by Stoermer 
(Part 2) is to characterize northern Lake Michigan with respect to selected 
physical-chemical conditions and the standing crop and species composition of 
phytoplankton. These studies provide a reference point for future and past 
studies of Lake Michigan, and characterize seasonal and spatial relationships 
of environmental conditions in Lake Michigan. To be consistent with these 
purposes, it was deemed essential that all of the data be presented in some 
form in this report. 

Presentation of the extensive physical and chemical data collected to 
meet the purposes of the study is a fairly large task. Approximately 1,500 
data points were obtained for 10 different variables, meaning that in total 
15,000 data points were available for analysis. These data are presented 
under three headings on SPATIAL DISTRIBUTION, SEASONAL CHANGES, and STRAITS OF 



TABLE 1. Locations and depths of stations sampled in northern Lake Michigan 
during 1976. 





Station 


Latitude 


Longitude 


Depth (m) 


01 


44° 


10.5' 


87° 30.4" 


7.3 


02* 


44° 


10.3' 


87° 28.4' 


29 


03 


44° 


09.3' 


87° 21.2' 


100 


04* 
05 


44° 
44° 


08.4' 
07.5' 


87° 14.0' 
87° 06.7' 


166 

179 


06* 


44° 


06.9' 


86° 59.9' 


182 


07 
08* 


44° 
44° 


06.3' 
05.4' 


86° 53.0' 
86° 46.0' 


150 
161 


09 

10* 

11 

12 

13* 

14 

15* 

16 


44° 
44° 
44° 
44° 
44° 
44° 
44° 
44° 


04.5* 
03.6' 
03.6* 
47.5' 
47.0' 
46.3' 
45.6' 
44.9' 


86° 39.0' 
86° 32.0' 
86° 31.3' 
87° 17.8' 
87° 12.7* 
87° 05.4' 
86° 58.0* 
86° 50.7' 


134 

48 

7.3 

7.3 

42 

109 

.170 

259 


17* 

18 

19* 


44° 
44° 
44° 


44.2' 
43.5' 
42.8' 


86° 43.3* 
86° 35.9' 
86° 28.5' 


274 
254 
101 


20* 

21 

22 


44° 
44° 

45 o 


42.0' 
41.5' 
07.2' 


86° 21.1' 
86° 15.8' 
86 04.4' 


168 
7.3 
7.3 


23* 


45 o 


07.7' 


86° 08.0' 


12 


24 


45° 


09.3' 


86° 15.5' 


73 


25* 


45 o 


10.7' 


86° 22.5' 


198 


26 


< 


12.2' 


86° 30.0' 


177 


27* 


45 o 


13.4' 


86° 36.8' 


120 


28 


45 o 


14.8' 


86 44.0* 
86° 51.4* 


53 


29* 


45° 


16.2' 


30 


30* 


45° 


17.6' 


86° 57.7' 


32 


31 


< 


36.4' 


86° 35.8* 


7.3 


32* 

33 

34* 


45° 
45° 
45° 


36.7' 
37.1' 
37.5* 


86° 32.7' 
86 25.5' 
86° 18.0' 


33 
67 
83 


35 
36* 


45° 
45 o 


37.9' 
38.2' 


86° 10.7' 
86° 03.5' 


122 

105 


37 

38* 

39* 


45° 

< 
45 « 


38.7' 
39.0' 
39.4* 


85 54.0* 
85° 48.3* 
85° 42.6* 


96 
13 
47 


40 


< 


39.8' 


85° 37.1' 


7.3 


41* 


45° 


53.3* 


85° 35.2' 


35 


42* 


45° 


57.0' 


85° 35.2' 


26 


43* 


45° 


52.7' 


85° 28.5' 


30 



TABLE 1. (continued). 





Station 


Latitude 


Longitude 


Depth (m) 


44* 


45° 


51.4' 


85° 


22.0* 


28 


45 


45° 


48.6' 


86° 


15.0' 


7.3 


46* 


45 o 


51.2" 


86° 


15.0' 


24 


47* 


45 o 


53.7' 


86° 


15.0* 


37 


48* 


45 o 


56.0* 


86° 


15.0' 


29 


49* 


45° 


58.9' 


86° 


15.0* 


24 


50 


46° 


01.4' • 


86° 


15.0' 


14 


51 


45° 


59.4' 


85° 


00.0' 


7.3 


52* 


45 o 


57.5' 


85° 


00.0' 


19 


53* 


45° 


55.0* 


85° 


00.0' 


13 


54* 


45 o 


52.5' 


85° 


00.0' 


24 


55* 


45° 


50.0' 


85 o 


00.0' 


62 


56 


45 o 


47.1' 


85 o 


00.0' 


7.3 


57 


45° 


51.4' 


84 o 


49.4' 


13 


58* 


45° 


50.1' 


84 o 


49.4' 


25 


59 * 
60* 


45° 
45° 


48.8* 
47.4' 


84 o 
84° 


49.4' 
49.4' 


43 
19 


61 


45° 


46.2* 


84° 


49.4' 


9.0 


62 


45° 


49.8' 


84° 


45.0' 


9.0 


63* 
64* 


45° 
45 C 


49.1" 
48.5' 


84 « 
84 o 


45.0' 
45.0' 


66 
26 


65 
66* 


45° 
45 o 


47.7' 
34.8' 


84° 
85° 


45.0' 
33.5' 


7.3 
7.3 


67* 


45 o 


29.0' 


85 o 


33.4' 


124 


68* 


45 o 


21.8' 


85° 


33.2' 


79 


69* 


45° 


15.0' 


85° 


33.1' 


38 


70* 


45° 


13.0* 


85° 


33.0' 


7.3 



^Biological and chemical stations, at remaining stations only BT casts 
were made routinely. Depths sampled are indicated on figures in report. 



MACKINAC. Data on the 25 stations in the Straits of Mackinac section are 
presented separately because some conditions at these stations differed from 
those in the main lake as the result of inflow and mixing of water from Lake 
Huron. All data from the main lake stations (Stations 1 to 40 and 66 to 70) 
are utilized under headings on SPATIAL DISTRIBUTION and SEASONAL CHANGES. 

In the section on SPATIAL DISTRIBUTION, data are presented as isopleths 
for different variables on depth-distance plots for each of the five transects 



that were sampled in the main lake. Only data for temperature, pH, nitrate 
nitrogen, soluble reactive silica, particulate silica, and chlorophyll a are 
presented in the depth-transect plots. Data on total phosphorus, total 
soluble phosphorus, ammonia nitrogen, and chloride were omitted either because 
variance was so large that attempting to plot isopleths appeared not to be 
warranted or because there was little variation (the case for chloride). 
However, cruise averages for all variables for near shore as well as offshore 
stations are presented in Tables 2 to 11. 

The discussion on SEASONAL CHANGES is based on comparison of seasonal 
changes at each of the four master stations in the main part of the lake 
(Stations 6, 17, 25, and 36) and on means and standard deviations for each 
cruise that were obtained from data that had been stratified according to 
thermal conditions into epilimnetic, metalimnetic, and hypolimnetic 
components. These means and standard deviations, presented in Tables 2 to 11, 
provide data for comparison with other studies on the open waters of Lake 
Michigan . 

METHODS 
Water samples were taken with 5-liter Niskin bottles at predetermined 
depths starting at 5 m and at 5-, 10-, 20-, or 50-m intervals to the bottom 
except at nearshore stations where samples were obtained at 2 and 5 m. 
Sampling depths were spaced at 10- or 20-m intervals at the master stations 
and depths were adjusted so that 17 was the maximum number of Niskin bottles 
used per station. Specific depths are listed in Table 1. Water transparency 
was measured with a 30-cm white Secchi disc. Temperature was measured with a 
bathythermograph (BT), and in addition, temperature was measured with a 
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mercury thermometer in a bucket of surface water so the bathythermograph trace 
could be calibrated. 

All methods used on the northern Lake Michigan cruises are described in a 
manual of field and laboratory procedures (Davis and Simmons 1979). Water 
samples were processed as illustrated in the flow chart (Fig, 2). Samples for 
soluble chemical analyses were filtered through 47-mm HA Millipore filters 
that were previously soaked and rinsed at least twice with distilled-deionized 
water. Filtered samples were stored at 4 C in Nalge conventional polyethylene 
bottles that were rinsed at least once with excess sample before filling. 

A Corning Model 110 pH meter, equipped with a digital expanded scale and 
an automatic temperature compensator, was used on shipboard to measure pH 
immediately after raw water samples were taken (Fig. 2). Specific 
conductance, corrected to 25 C, was measured on shipboard with a Leeds and 
Northrup Model 4866-60 conductivity bridge. Subsurface light penetration was 
measured using a Licor model LI-192S underwater quantum sensor coupled with a 
Licor model LI-185 quantum meter. These measurements were not conducted at 
every stcition because of the time involved and the presumed predictability and 
constancy of the attenuation characteristics of Lake Michigan water. 
Measurements were not attempted in rough seas nor when it was impossible to 
obtain satisfactory time-averaged responses under changing cloud patterns. 

Nutrient analyses were made on filtered samples with a Technicon 
AutoAnalyzer II equipped to measure five nutrients simultaneously — nitrate 
plus nitrite nitrogen, ammonia nitrogen, soluble reactive silica, chloride, 
and soluble reactive phosphorus. Samples were stored in a refrigerator until 
analyses were run, usually within several hours after collection and always on 
the day of collection. Samples for total phosphorus were frozen and returned 
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to Ann Arbor for analyses. Methods used for these chemical analyses are 
described by Davis and Simmons (1979), , and specific information is presented 
in the following paragraphs. 

Nitrate was measured by reducing it to nitrite with a copper-cadmium 
reduction column. The nitrite produced and the nitrite initially present in 
the sample were then determined by a diazotization-coupling reaction using 
sulfanilamide and N-1-naphthyl-ethylene diamine. The resulting colored 
complex was measured at 550 nm. Nitrite was not analyzed separately , as 
quantitatively insignificant values would be expected in non-polluted 
oxygenated waters (see Mortonson and Brooks 1980). 

Ammonia and ammonium ions were measured by conversion of ammonium ions to 
ammonia in a basic medium. Ammonia reacts with hypochlorite and phenol to 
produce an indolphenol blue color which was measured at 630 nm. The reaction 
was catalyzed by nitro-prusside, and EDTA was added to prevent precipitation 
of alkali earth metals. 

Silica was determined by reacting it with acidified molybdate to form a 
silicomolybdate complex that is reduced by ascorbic acid to an intense 
heteropoly blue and measured at 660 nm. Oxalic acid was added to destroy any 
phosphomolybdate . 

Soluble reactive phosphorus was measured by formation of antimony- 
phosphomolybdate complex in acid medium which was reduced by ascorbic acid and 
measured at 880 nm. 

Chloride was determined from its reaction with mercuric thiocyanate that 
forms ionized but soluble mercuric chloride. The released thiocyanate in the 
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presence of a ferric ion reacts to form a red complex, Fe(SCN) . The 
resulting color was measured at 480 nm. 

Chemical analyses for total phosphorus and total soluble phosphorus were 
performed in the laboratory on frozen samples . Samples were thawed, 
concentrated by evaporation, and then digested with potassium persulfate for 
one and a half hours in an oven at 110 C, as modified from Menzel and Corwin 
(1965). The samples were then analyzed for soluble reactive phosphorus on an 
AutoAnalyzer I. The blue color produced was measured at 630 nm. 

Samples for total particulate silica were collected on 47-mm HA Millipore 
filters and placed in plastic flip-top vials. In the laboratory, particulate 
silica was decomposed with HNO-HF reagent. The excess hydrofluoric acid was 
complexed with boric acid. Silica concentrations in the decomposed samples 
were determined by atomic absorption spectrometry using a nitrous oxide- 
acetylene flame (Simmons 1980). 

Samples for chlorophyll a (250 mL) were filtered onto 47-mm HA Millipore 
filters that were then extracted in 90 percent acetone buffered with magnesium 
carbonate. Samples were stored in amber vials in the dark at -20 C for a 
minimum of 12 hours. On the first cruise, some chlorophyll determinations 
were made on ship? later all were done in our laboratory in Ann Arbor. 
Analyses were switched to the laboratory because all the work could not be 
completed on board ship and, in addition, it was presumed that better 
precision would be obtained under laboratory conditions. Prior to analysis, 
chlorophyll samples were centrifuged, and then 5 mL were transferred to sample 
cuvettes and read in a modified Turner Model 111 fluorometer. Samples were 
subsequently acidified with one or two drops of 50 percent V/V HC1 and read in 
the fluorometer for phaeopigment determination (Strickland and Parsons 1968). 
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All results were corrected for phaeophytin. The phaeophytin fraction 
generally represented a small proportion of the chlorophyll a, so possible 
errors resulting from the addition of excess amounts of hydrochloric acid 
(Riemann 1978) would probably be small. 



15 



SPATIAL DISTRIBUTION 
CRUISE 1, 22-28 APRIL 

Water Temperature 

On the first cruise, water temperatures were characterized by a 
monotonous homogeneity. No vertical structure was evident and open-lake 
temperatures over the four main lake transects ranged from 2.2 to 3.8°C. 
Coldest temperatures (<3 C) were found on the two northernmost transects at 
the mid-lake stations and on the Point Betsie transect at Stations 13 and 14. 
Water temperatures exceeded 4 C only at near shore locations , with the maximum 
occurring at the southernmost transect (Fig. 3). An exception to the pattern 
of warmer near shore waters was found at the North Manitou Island transect f 
which is atypical in that it ends at a deep water passage to Green Bay and at 
an island surrounded by deep water. 

Without the atypical North Manitou Island transect f temperatures at 
near shore stations decreased with increase in latitude which would be expected 
as the result of differential warming in the lake. Near shore temperatures 
exceeded 7 or 8 C on the southernmost transect from Big Sable Point (Fig. 3), 
6 C on the next transect northward, and 5 C at the nearshore station off 
Beaver Island. 

The thermal bar, a characteristic feature of the spring warming cycle in 
the Great Lakes, was not well developed during this cruise because 
temperatures >4 C were present only at some of the nearshore stations that 
were 7.3m deep. 
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Hydrogen Ion Concentration 

On the first cruise f the pH meter malfunctioned so data are available 
only for the Big Sable Point transect. At the three deepest stations on this 
transect, there was some indication that values for pH were larger for samples 
collected above 100 m than for those collected below 100 m. Differences, if 
present, were small and amounted to 0.05 pH units at most (Fig. 4). Over the 
transect, the absolute range in measured pH values for the offshore stations 
was 8.22 to 8.32. At the two near shore stations pH was >8.55, larger than at 
the offshore stations. These high pH values were only found at near shore 
locations where water temperatures were >4 C. 

Nitrate Nitrogen 

Although water temperatures on the first cruise were nearly homothermal 
at the offshore stations, this pattern of homogeneity was not characteristic 
for the spatial distribution of nitrate. Vertical distributions of nitrate 
were uniform, which was also true for water temperature; however, spatial 
distributions of nitrate differed from temperature in that there was an east- 
west gradient of nitrate concentration. Concentrations of nitrate were larger 
on the eastern side of the three transects located south of Green Bay than on 
the western side. The largest values were present on the eastern side of the 
southernmost transect and ranged from 0.27 to 0.33 mg/liter at Stations 08 and 
10 (Fig. 5). Values as large as 0.25 mg/liter were found on the eastern 
portions of the Point Betsie and N. Manitou Island transects. On the western 
side of the lake concentrations were 0.20 mg/liter or less. This pattern of 
nitrate distribution clearly identifies a water mass with relatively high 
nitrate on the east side of the lake. 
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The origin of the low nitrate water is open to speculation. It could be 
water derived from Green Bay or from shallow waters in the northern part of 
the lake where phytoplankton utilization of nutrients was accelerated by 
earlier warming of waters than that which occurred in the deeper parts of the 
lake. Nutrient depletion is more rapid in shallow water because the ratio of 
surface area to volume is greater in shallower water than deeper waters which 
produces a greater volumetric decrease in nutrients in shallow waters. The 
observed east-west gradient was more pronounced than the nearshore depletion 
of nitrate that was present on some transects. 

Soluble Reactive Silica 

The spatial variability of silica on transects and between transects was 
much greater than that found for either temperature or nitrate in April. 
Largest concentrations were found at the deepest station (Station 17) and at 
stations deeper than 70 m on the eastern side of the three transects located 
south of Green Bay (Fig. 6). This pattern of lowest concentrations at the 
stations on the western side of these transects was similar to that noted for 
nitrate; however, the relative differences among areas was much greater for 
silica than for nitrate. Silica concentrations at the western nearshore 
stations on these three transects were generally <0.4 mg/liter, much less than 
concentrations that exceeded 1.0 mg/liter at the remaining stations, with the 
exception of nearshore stations on the eastern side of the Point Sable 
transect* Smallest silica concentrations (<0.2 mg/liter) were found in the 
nearshore zone at Stations 12 and 30 at the western side of the lake. Because 
the chemistry at Station 30 probably reflects the chemical characteristics of 
adjacent Green Bay water, it can be concluded that the origin of low silica 
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water for the North Manitou Island transect is partly the result of outflow 
from Green Bay. Low concentrations at shallow near shore stations can be 
attributed to local near shore processes , but at Station 30 , the depth affected 
is 30 m and therefore this mass of low silica water does not appear to have 
resulted from local processes. 

Another unique feature of silica distribution in relation to that for 
nitrate and temperature was the relatively low values on the Beaver Island 
transect. This northernmost shallow transect had smaller silica 
concentrations than those found at the deeper transects to the south. Maximum 
concentrations were <0.9 mg/liter and smaller concentrations, generally <0.6 
mg/liter, were found at the shallower stations (Fig. 6). 

Particulate Silica 

Like other variables measured on the cruise, the vertical distribution of 
particulate silica was generally uniform at individual stations. 
Concentrations at stations with depths >100 m generally ranged from <0.3 to 
0.5 mg/liter (Fig. 7). Concentrations >0.5 mg/liter were found only at 
near shore stations and in subsurface waters on the Beaver Island transect. 
The largest nearshore values were found on the Big Sable Point transect where 
concentration exceeded 2 mg/liter at the nearshore stations at each end of the 
transect. The large nearshore values resulted either from large diatom 
standing crops or to large contributions from nearshore sources of minerals. 
It is likely that the large values can be attributed to diatoms because 
standing crops of chlorophyll a exceeded 12 and 20 jug/liter at these stations 
(see Fig. 8) . 
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Chlorophyll a 

Like the physical and chemical variables measured in April, the vertical 
distribution of chlorophyll a was not highly variable. Spatial variability 
among stations and transects, however, was much greater than that found for 
the other variables measured. Concentrations of chlorophyll a ranged from 
<0.2 jug/liter at Station 8 on the eastern side of the Big Sable Point transect 
to 10 to 20 Mg/liter at the shallow near shore stations on the Big Sable Point 
transect (Fig. 8). Concentrations <1.0 jug/liter were restricted to the 
deepest midlake stations and were not present on the shallow northern transect 
off Beaver Island where concentrations ranged from 2 to 5 Aig/liter. 

On the western ends of the three deep transects south of Washington 
Island, chlorophyll a concentrations >2 jug/liter were found at stations with 
depths shallower than 50 m (Fig. 8). At Stations 29 and 30 near Death's Door, 
concentrations were 4 jxg/liter or greater, indicating that water enriched with 
chlorophyll a was flowing out of Green Bay. On the eastern end of the three 
deep transects, chlorophyll a levels >2 Mg/liter were generally restricted to 
the shallow near shore stations, with greater concentrations being found only 
at Station 10 off Big Sable Point. 

Summary 

Conditions during the first cruise were characterized by cold, isothermal 
waters with open-lake temperatures ranging from 2.2 to 3.8 C (Fig. 3). 
Temperatures exceeded 4 C only at the near shore stations on the two 
southernmost transects and at one station off Beaver Island. Data for pH were 
available only for the southernmost transect where open-lake values were <8.35 
and nearshore values ranged from 8.4 to 8.6 (Fig. 4). 
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Vertical distributions of nitrate and silica were uniform at individual 
stations as would have been expected in isothermal waters, but horizontally 
there was more variability for these nutrients than would be expected from the 
thermal patterns. On the three southernmost: transects, the most pronounced 
feature in nitrate distribution was a decreasing gradient in concentrations 
from east to west (Fig. 5). Nitrate concentrations on the northernmost 
transect off Beaver Island were less than those on the transects to the south 
and were smaller for the near shore stations than at the mid-transect stations. 
Spatial distributions of silica also showed a pattern of decreasing 
concentrations from east to west on the three southermost transects, but 
depletion was also evident at near shore stations on these transects as well as 
in the shallow waters over the entire northernmost transect off Beaver Island 
(Fig. 6). Concentrations of silica were lowest, <0.2 mg/liter, at the 
near shore stations on the western ends of the two southernmost transects. Low 
concentrations at these and other stations corresponded with high levels of 
chlorophyll a (Fig. 8). 

Chlorophyll a values were greatest at the nearshore stations with the 
largest concentrations, >12 and >20 Mg/liter, being found off Rawley Point and 
Big Sable Point (Fig. 8). The smallest concentrations, <1.0 Mg/liter, were 
found at the midlake stations on the two southern transects. Concentrations 
on the shallow Beaver Island transect were generally 2.5 Mg/liter or greater 
and, with the exception of the nearshore stations, were larger than those on 
the other three transects. 

In the areas with high chlorophyll a concentrations silica levels were 
reduced compared to open-lake concentrations, as were nitrate levels. Largest 
concentrations of particulate silica (Fig. 7} were found on the Big Sable 
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Point transect at the two near shore stations with the largest chlorophyll a 
concentrations (Fig. 8). On this transect, particulate silica concentrations 
were >2 and >3 mg SiO /liter where chlorophyll a concentrations were >12 and 
>20 Mg/liter. The large area with low soluble nutrients and high chlorophyll 
a off Death's Door was attributed to outflow of enriched water from Green Bay. 
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CRUISE 2, 2-7 JUNE 

Water Temperature 

On Cruise 2 in early June the thermal bar was well developed on all the 
east-west transects in the main lake (Fig. 9) with midlake temperatures on 
these transects being isothermal (<5 C) . Only on the Grand Traverse Bay 
transect was weak thermal stratification present at midtransect with surface 
water being >7 C. Two instances of weak upwelling were observed: one at 
Station 10 near Big Sable Point , and the other at Station 70 near Lighthouse 
Point. Off Point Betsie and Lighthouse Point warmer waters were also found 
offshore than at the near shore station. Surface near shore waters, with the 
exceptions noted , generally ranged from 12 to 14 C with a mixed layer depth of 
5 m or less. 

Hydrogen Ion Concentration 

The spatial distribution of pH closely paralleled that for water 
temperature in June. At the cold isothermal stations on the main lake 
transects and below the weakly stratified waters, values for pH were generally 
<8.4 (Fig. 10). In the deepest waters values were even lower, <8.3. In 
near shore waters and extending offshore where thermal stratification was 
weakly developed, values for pH were >8.4. Largest values were found on the 
three southernmost transects where pH ranged from 8.5 to 8.6. 

Nitrate Nitrogen 

In €»arly June the spatial distribution of nitrate was related to the 
thermal regime. Largest values for nitrate, 0.24 to 0.26 mg/liter, were found 



29 





CM 

<D 
in 

•H 
3 
U 

U 

c 
o 



-P 



3 






0) 

c 

3 

i 

CM 



o\ 



o 



30 



a 

z 


££2--_ 










Z 
5 


■ — , _— — • 00 


\ fO 


z Z- 




N. /v 

ob ' \ 






'■■I- 

\ / 


<o_ 


CD 

V 




CM~ 





• / 


a 3- 

z 

< 

en 

o ~ 

z 

X 

CO o_ 

< rt 

5 


__<r / 

J . ) Y 

iO / *-s — l 
A / /® CO 

• • //• V 

I ^-r-^ 1 i 1 I i 


1 1 1 1 



O M O K O 

— — — — (M 





o 




/— N 




ac 




cu 




>—• 




c 




o 




•H 




4J 




r0 




U 




•M 




C 




0) 




u 




c 




o 




u 


• 




vo 


c 


p*- 


o 


o\ 


•H 


rH 


e 


<D 


0) 


c 


0* 


3 


o 


»"D 


u 




*0 


r* 


>1 


I 


s 


CM 



CM 



in 



O 



3 
fa U 



31 



at the isothermal stations on the three southernmost transects, whereas on the 
midlake portions of the shallower Beaver Island and Grand Traverse Bay 
transects concentrations were lower, ranging from 0,20 to 0.22 mg/liter 
(Fig. 11). The influence of thermal stratification was obvious in the 
distribution of nitrate on the Grand Traverse Bay transect; concentrations in 
the weakly stratified surface waters at mid transect were <0.21 mg/liter, 
slightly lower than the bottom waters. 

Concentrations of nitrate in the nearshore waters varied greatly over the 
study area. Largest concentrations were found at the eastern end of the three 
southern transects similar to patterns observed in April and ranged from 0.18 
to 0.22 mg/liter (Fig. 11). In contrast smallest concentrations, which ranged 
from 0.08 to 0.13 mg/liter, were found on the western ends of these transects. 
Concentrations <0.08 mg/liter at Station 12 and <0.10 mg/liter at Station 30 
showed extreme nitrate depletion relative to open-lake values which ranged 
from 0.24 to 0.26 mg/liter. Smaller amounts of depletion were found at the 
nearshore stations on the Beaver Island transect and off Rawley Point on the 
southernmost transect. 

Soluble Reactive Silica 

Silica concentrations in early June ranged from a low of <0.1 mg/liter in 
nearshore waters to >1.1 mg/liter in offshore waters (Fig. 12). Largest 
concentrations were found at the deep isothermal stations on the three 
southern-most transects. In general, concentrations at these deep stations 
ranged from 0.9 to 1.1 mg/liter, but there was some suggestion of vertical 
stratification in near-bottom waters where concentrations as large as 1.8 mg/ 
liter Si0~ were found at Station 8 and 1.4 mg/liter were found at Station 25. 
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On the three southernmost transects, concentrations of silica, like those 
for nitrate, were lower on the western than on the eastern sides of the 
transects. At the western station silica concentrations were <0.1 mg/liter or 
at levels that obviously would limit diatom growth (Fig. 12). On the eastern 
ends of these transects concentrations were larger; concentrations >1 mg/liter 
were found at Station 11, possibly the result of upwelled water (Fig. 9) and 
ranged from 0.5 to 0.8 mg/liter at the other near shore locations. 

In the shallow waters of the Beaver Island transect maximum 
concentrations were lower than those on the deeper transects to the south and 
ranged from 0.5 to 0.6 mg/liter; however, concentrations over most of the 
transect were <0.5 mg/liter (Fig. 12). Concentrations were also low on the 
Grand Traverse Bay transect, being <0.4 mg/liter in the surface waters, and 
increased generally from the surface to bottom, a distribution related to the 
existence of weak thermal stratification. 

Particulate Silica 

Compared to the spatial distributions for silica and nitrate (Figs. 11 
and 12), the spatial distribution of particulate silica in June was very 
complex. Some form of vertical stratification in particulate silica was 
present at almost all stations and the absence of vertical structure was noted 
only at two or three isothermal stations (Stations 4, 15, and 17) on the two 
southernmost transects where depths were >150 m (Fig. 13). Vertical 
homogeneity at these deep stations was associated with the lowest values for 
particulate silica or with values that were generally <0.3 mg/liter. 

Different spatial patterns were found for particulate silica on the east 
and west ends of the two southernmost transects. Concentrations on the west 
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side were somewhat higher than on the east, ranging from 0.6 to 0.8 mg/liter 
on the west to concentrations of 0.6 mg/liter or less on the east (Fig. 13). 
Isopleths on the west side of these two transects were vertical, with the 
highest concentrations near shore. On the east side isopleths extending toward 
mid lake tended to be horizontal, with greatest concentrations occurring at 
depths of 10-20 m. On the three remaining transects concentrations generally 
tended to increase with depth. Largest concentrations, >0.8 mg/liter, were 
found at Station 30 off Death's Door. Lowest concentrations on these 
transects were in general found at the stations with the highest water 
temperatures, i.e., in the surface waters that were thermally stratified. 

Chlorophyll a 

Vertical distributions of chlorophyll a in June were relatively 
homogeneous at the isothermal midlake stations and exhibited a subsurface 
maximum at the thermally stratified stations. Concentrations at the 
isothermal midlake stations on the three southernmost transects varied at 
least fourfold, ranging from 0.6 mg/liter at Station 27 (Fig. 14) to 2.4 mg/ 
liter at Station 17. 

At the thermally stratified near shore stations a subsurface chlorophyll 
maximum was found at depths ranging from 10 to 20 m. Concentrations of 
chlorophyll in this layer ranged from 4 to 6 mg/liter at Stations 2, 10, 13, 
20, 23, and 69 (Fig. 14). Subsurface maxima were located at stations inside 
the thermal bar and at depths above the 5 to 7 C isopleths. 

Like the distribution of particulate silica (Fig. 13) there was some 
suggestion of vertical isopleths for chlorophyll a at the stations on the 
western side of the two southernmost transects (Fig. 14). The vertical 
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isopleth pattern was disrupted slightly by the presence of the subsurface 
chlorophyll a maximum • Like particulate silica the largest concentrations of 
chlorophyll a, >4 to >6 jug/liter, were found at subsurface depths ranging from 
10 to 20 m. Values for chlorophyll a differed from those for particulate 
silica in that relative range of values for chlorophyll a was greater. 

Summary 

On the June cruise the thermal bar was well developed in the four east- 
west transects with midlake temperatures being less than 4.5 C (Fig. 9). 
Waters were thermally stratified at the nearshore stations on these transects 
and weakly stratified over the entire Beaver Island transect. Values for pH 
were largest at the nearshore stations ranging from 8.5 to 8.6 and decreased 
to <8.3 in the deep waters of the offshore stations. 

Distributions of nitrate and silica were related to the thermal regime. 
Largest concentrations of both nutrients were found at the deep isothermal 
stations where nitrate concentrations ranged from 0.24 to 0.26 mg/liter 
(Fig. 11) , and silica concentrations ranged from 0.9 to 1.1 mg/liter 
(Fig. 12). On the three southernmost transects, concentrations of nitrate and 
silica were lower on the western than on the eastern sides of the transects. 
This structure also was present in April data. Nitrate concentrations at 
Stations 2 and 30 were <0.08 and <0.10 mg/liter , indicating extreme depletion 
from phytoplankton growth in relation to offshore concentrations of 0.24 to 
0.26 mg/liter. Silica concentrations at the western stations were <0.1 mg/ 
liter which would severely limit diatom growth. 

Particulate silica and chlorophyll a had similar distributions on the 
three southernmost transects in that there were subsurface maxima in 
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concentrations at the eastern ends and in that vertical isopleths were present 
at the western ends. Lowest concentrations of particulate silica and 
chlorophyll a were found at the midlake stations on these transects. 
Particulate silica concentrations were as small as 0.3 mg/liter compared to 
maximum concentrations in the upper 25 m that exceeded 0.8 mg/liter (Fig. 13). 

Greatest chlorophyll a concentrations were found at stations near shore 
between depths of 10 and 20 m where concentrations as large as 6 Mg/liter were 
found (Fig. 14). These concentrations were much greater than the smallest 
concentrations (<0.7 Mg/liter) found throughout the water column at Station 17 
on the Point Betsie transect. 
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CRUISE 3, 10-17 JULY 



Water Temperature 

In July strong thermal stratification was present on every transect with 
surface temperatures ranging from 14 to 18 C, and hypolimnetic temperatures 
being <5 C (Fig. 15). The epilimnion was 10 to 15 m deep, except along the 
eastern shore where there was upwelling on the two southernmost transects. 
Partly because of upwelling, the epilimnion tended to be deeper on the west 
side of the lake than on the east side. The resulting thermocline tilt was 
particularly obvious on the Beaver Island transect where the 14 C isotherm was 
at 25 m at Station 32 in contrast to Station 40 on the east end of the 
transect where the 14 C isotherm was at 3 m. 

There was no simple thermal structures in the epilimnetic waters on any 
transect. On the Point Sable transect a well defined, 10- to 15-m epilimnion 
was found with 4 to 17 C temperatures, except at the near shore stations on the 
eastern side where deep waters were being upwelled (Fig. 15). The most 
complex thermal structure was found on the Point Betsie transect where surface 
temperatures ranged from 14 to 18 C and upwelling occurred at Station 21. 
However, the distinctive feature on this transect was the "cold core" of water 
at Station 17 which was characterized by the presence of the 14 C isotherm at 
the surface. 



Hydrogen Ion Concentration 

The spatial distribution of pH in July was related to thermal structure. 
In the epilimnion pH was generally >8.6, ranging to nearly 8.8 on some 
transects (Fig. 16). The pH in the hypolimnion generally was <8.3 on the 
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three deep transects except the Point Sable transect where values were 
generally <8.4 with values <8.3 being found only in samples collected near the 
bottom. 

The pH values for the Grand Traverse Bay transect were smaller than those 
at all stations on the other four transects* Values for pH on the transect 
appeared to be 0.2 to 0.3 pH units smaller than on the other transects. The 
very low values of pH noted at Station 70 can probably be attributed to a 
problem with pH electrodes that had not equilibrated after the routine daily 
standardization . 

Nitrate Nitrogen 

Spatial patterns of nitrate in July were related to thermal structure. 
Epilimnetic concentrations generally ranged from 0.11 to 0.16 mg/liter 
(Fig. 17). Larger concentrations , 0.16 to 0.19 mg/liter, were found in the 
areas of weak upwelling along the east sides of Big Sable Point and Point 
Betsie transects and in midlake "cold core" water at Station 17. Elevated 
surface nitrate concentrations, 0.18 mg/liter, at the deepest coldest station 
(Station 17) were apparently the result of this "cold core" of water. 
Epilimnetic concentrations were least on the west sides of Point Betsie and 
Manitou Island transects, the lowest concentration being <0.11 mg/liter at 
Station 30 off Death's Door. 

Nitrate concentrations in the hypolimnion ranged from 0.20 to 0.28 mg/ 
liter on the three southernmost transects (Fig. 17). Concentrations over most 
of the volume of the hypolimnion ranged from 0.24 to 0.28 mg/liter with a 
layer near the bottom being >0.28 mg/liter. Hypolimnetic concentrations in 
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the lower part of the range, 0.20 to 0.24 mg/liter, were found on the two 
shallow transects. 

Soluble Reactive Silica 

In July the influence of thermal stratification on the distribution of 
silica was very obvious. Silica in epilimnetic waters was depleted relative 
to concentrations found in the bottom waters, and in general ranged from <0.15 
to <0.3 mg/liter over most of the epiliminion (Fig. 18). Silica values along 
the west shore appeared to be smaller than those on the east shore, an effect 
that probably resulted from upwelling of silica-rich waters along the east 
shore. The distribution of silica on the Big Sable Point transect represents 
a classic example of the influence of upwelling on the spatial distribution of 
variables that are depleted in the epilimnion relative to the hypolimnion. 
Concentrations >0.3 mg/liter were found in areas of upwelling off Big Sable 
Point and Point Betsie and in the "cold core" waters at Station 17. The 
influence of the "cold core" extended to Stations 16 and 18 where epilimnetic 
silica values ranged from 0.5 to 0.6 mg/liter. 

Silica concentrations in the hypolimnion were greater on the three 
southernmost transects than on the remaining two shallow transects. On the 
deep transects concentrations ranged generally from 0.7 to 1.0 mg/liter at 
depths below 50 m, whereas smaller concentrations, <0.6 mg/liter, were 
generally found on the shallower Beaver Island and Grand Traverse Bay 
transects (Fig. 18). The largest concentrations occurred in near-bottom 
samples and ranged from 1.3-1.8 mg/liter. 
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Particulate Silica 

There were several patterns in the spatial distribution of particulate 
silica on the July cruise and these patterns were only generally related to 
thermal structure* First, near shore concentrations tended to be higher than 
offshore concentrations (Fig* 19). Second, epilimnetic concentrations at 
midlake tended to be smaller than concentrations at deeper depths in the water 
column* Third, on the Big Sable Point and Grand Traverse Bay transects there 
was a mid-depth concentration maximum, a pattern that was also evident at 
individual stations on some of the other transects. Finally, largest 
concentrations of particulate silica were found in near-bottom and bottom 
samples. Except for bottom and near-bottom samples, particulate silica 
concentrations were small, ranging generally from 0.2 to 0.6 mg/liter. Some 
bottom and near-bottom concentrations were larger, ranging from 1.0 to 2.0 mg/ 
liter. The only surface concentrations >1.0 mg/liter occurred at Station 11 
where upwelled water influenced chemical characteristics and apparently 
resulted in greater chlorophyll a concentrations than those found at adjacent 
stations (Fig. 20). 

Chlorophyll a 

The most striking feature in the spatial distribution of chlorophyll a in 
July was the presence of subsurface maxima on all transects. Largest 
concentrations were below the epilimnion at depths of 20 to 25 m (Fig. 20). 
Concentration maxima ranged from 3 Mg/liter on the shallow Beaver Island 
transect to >7 Mg/liter on the Grand Traverse Bay transect. 

Epilimnetic chlorophyll a concentrations were generally <2 Mg/liter, with 
most of the epilimnetic volume being <1.5 Mg/liter (Fig. 20). Concentrations 
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>2 Mg/liter were found at both ends of the Point Sable transect. On the east 
side of this transect concentrations larger than those at midlake were 
undoubtedly attributable to upwelling. 

Concentrations in hypolimnetic waters were generally <1.5 Mg/liter 
(Fig. 20). Smaller concentrations, <1 Mg/liter, were found on the three deep 
southernmost transects with large volumes of the hypolimnion having 
concentrations <0.5 Mg/liter. Larger hypolimnetic concentrations, 1 to 2 \xq/ 
liter, on the Beaver Island and Grand Traverse Bay transects may be related to 
shallower water depths on these transects which are <100 m. 

Summary 

Strong thermal stratification was present at all stations in July and 
surface temperatures ranged from 14 to 18°C (Fig. 15). Epilimnetic depths 
ranged from 10 to 15 m except where upwelling occurred at stations along the 
eastern shore. A "cold core" was found at Station 17 where the 14°C isotherm 
extended to the surface. The spatial distribution of pH was related to 
thermal structure; epilimnetic values for pH ranged from 8.6 to 8.8 and 
hypolimnetic values were 8.3 or less (Fig. 16). 

Distributions of nitrate and silica were also related to thermal 
structure. Epilimnetic nitrate concentrations ranged from 0.11 to 0.16 mg/ 
liter with larger concentrations of 0.16 to 0.19 mg/liter being found in 
upwelled water off Big Sable Point and Point Betsie and in the "cold core" 
water at Station 17 (Fig. 17). In the hypolimnion, nitrate concentrations 
ranged from 0.20 to 0.28 mg/liter with concentrations over most of the volume 
being between 0.24 and 0.28 mg/liter. Silica concentrations in the epilimnion 
ranged from 0.11 to 0.30 mg/liter except at the stations where upwelled and 
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"cold core" waters were present (Fig. 18). At these stations (Stations 10, 
11, and 17) concentrations were >0.6 mg/liter. 

The most striking feature in the distribution of chlorophyll a on the 
July cruise was the subsurface concentration maximum found between 20 and 30 m 
in the upper part of the hypolimnion. Concentrations in this subsurface layer 
ranged from 3 to 7 Mg/liter (Fig. 20) in comparison with surface 
concentrations that were generally <1.5 or 2 Mg/liter. The spatial 
distribution of particulate silica was complex and only generally related to 
thermal structure (Fig. 19). 
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CRUISE 4, 12-17 AUGUST 

Water Temperature 

Thermal stratification in August was well developed and more uniform than 
in July* Epilimnetic temperatures generally ranged from 18 to 20 C (Fig* 21). 
Compared to conditions in July, when the water column was also thermally 
stratified , temperatures had increased slightly and the depth of the 
epilimnion had increased about 5 m to depths ranging from 15 to 20 m. 
Epilimnetic temperatures over most of the transects were quite uniform. On 
the two southernmost transects weak upwelling was noted along the eastern 
shore off Big Sable Point and Point Betsie. The effect of wind stress on 
thermocline depth on the shore opposite the site of upwelling is particularly 
evident from the 25-m deep epilimnion off Rawley Point. Even where there was 
no evidence for upwelling, the nearshore waters tended to be slightly cooler 
than the offshore waters except for stations off North Manitou Island and off 
Lighthouse Point on the Grand Traverse Bay transect. 

Minimum hypolimnetic temperatures were generally <5 C (Fig. 21). 
The exception was slightly warmer temperatures on the shallow Beaver Island 
transect which were <6 C in the hypolimnion. 

Hydrogen Ion Concentration 

Spatial distributions of hydrogen ion concentration in August closely 
paralleled temperature distribution, and the patterns were relatively simple 
with the exception of stations off Death's Door. Surface water flowing out of 
Green Bay through Death's Door at Station 30 apparently had a pH >8.7 but 
below this water, at depths >15 m, pH values dropped to <8.4 (Fig. 22). 
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In the epilimnion all pH values were >8.5. Values larger than 8.6 were 
restricted to near shore stations generally a^nd to 15- to 25-m depths on some 
transects. A large part of the epilimnion on the shallow Beaver Island 
transect also had pH values >8.6. Why pH values <8.5 were found at Station 29 
on the North Manitou Island transect is not readily explainable; possibly the 
cause was entrainment of hypolimnetic water with low pH from Station 30. In 
the hypolimnion values for pH were <8.4 with the pH for large volumes of the 
hypolimnion ranging from 8.2 to 8.3 (Fig. 22). 

Nitrate Nitrogen 

Spatial distributions of nitrate in August were generally related to 
thermal structure. Epilimnetic concentrations were 0.16 mg/liter or less, 
with the exception of values as large as 0.20 mg/liter at Station 21 where 
weak upwelling occurred (Fig. 23). Over much of the epilimnion, 
concentrations were <0.14 mg/liter but were even smaller, <0.12 mg/liter, on 
the west side of the three southernmost transects. The lowest concentration 
on these transects, <0.10 mg/liter at Station 30, was attributed to water from 
Green Bay flowing out of Death f s Door. This low nitrate concentration in the 
epilimnion at Station 30 contrasted with an intrusion of cold water with 
concentrations >0.18 mg/liter at depths >15 m. 

Hypolimnetic concentrations were generally from 0.26 to 0.27 mg/liter on 
the three southernmost transects with larger concentrations, >0.27 mg/liter, 
occurring near the bottom (Fig. 23). On the two remaining transects 
hypolimnetic concentrations were much lower, ranging from 0.18 to 0.22 mg/ 
liter on the Grand Traverse Bay transect and from 0.20 to 0.26 mg/liter on the 
Beaver Island transect. 
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Soluble Reactive Silica 

The spatial distribution of silica in August was strongly related to 
thermal structure. Epilimnetic silica concentrations were severely depleted 
relative to concentrations in the hypolimnion. Epilimnetic concentrations 
were generally <0.3 mg/liter except at Stations 20 and 21 off Point Betsie 
where upwelling was present (Fig. 24). Much of the epilimnion had silica 
concentrations <0.2 mg/liter , and subsurface minima <0.15 mg/liter were noted 
at depths of 15 to 25 m at Stations 29 and 34. 

Hypolimnetic concentrations >1 mg/liter were found at depths >50 m at 
midlake stations on the three deep southernmost transects (Fig. 24). The 
major exception to this pattern was the intrusion of deep cold water at 
Station 30 with concentrations >1.2 mg/liter , thus high silica water was 
observed at the 15-m depth. On the two shallow transects concentrations >1 
mg/liter were limited to near-bottom samples and to depths close to the 
bottom. On the Beaver Island transect and on the other three east-west 
transects most hypolimnetic concentrations ranged from 0.6 to 1.3 mg/liter. 
In contrast , concentrations on the Grand Traverse Bay transect were generally 
<1 mg/liter. 

Silica concentrations were greatest in near-bottom samples and at depths 
close to the bottom. Concentrations for these samples ranged from 1.4 to >2.5 
mg/liter (Fig. 24). In general, the largest concentrations were found at the 
deepest stations on each transect. 

Particulate Silica 

The distribution of particulate silica in August was obviously not 
strongly related to the thermal structure. In epilimnetic waters highest 



58 




i - 







CM 
o 

•H 

m 

<a 
u 
•h . 

pH vo 

0) * 

> 4J 

y <* 

•9 ^ 

rH 

O •> 

0) 
• in 

cm a 
u 

6 U 

►h a, 

Cl4 o 



59 



concentrations were found near shore, particularly on the west side of the 
lake, with lowest concentrations being observed at mid lake on all transects. 
Minimum concentrations in the epilimnion ranged from <0.2 to <0.3 mg/liter 
(Fig. 25). Nearshore concentrations ranged from 0.6 to 0.8 mg/liter on the 
western sides of the three southernmost transects and were >0.4 mg/liter at 
Station 21 where upwelling occurred. 

Maxima in particulate silica concentration were noted at some stations 
where values >0.4 mg/liter were found at depths from 25 to 50 m (Fig. 25). 
On the three southernmost transects a subsurface minimum of <0.3 mg/liter was 
found in the hypolimnion at depths ranging from 75 m to as deep as 225 m at 
Station 17. The largest concentrations were found in the deepest samples, 
with concentrations being >0.6 mg/liter for samples close to the bottom and 
>1.0 mg/liter in near-bottom samples. 

Chlorophyll a 

The most prominent feature in the distribution of chlorophyll a during 
August was the presence of a subsurface chlorophyll maximum similar to that 
observed in July. Concentrations in this layer were smaller than those 
observed in July and generally ranged from 2 to 3 jug/liter (Fig. 26). The 
largest concentration in August, >4 Mg/liter, was found at Station 20 on the 
Point Betsie transect. 

Concentrations in the epilimnion generally ranged from 1.0 to 1.5 jug/ 
liter with greater concentrations being restricted to nearshore stations 
(Fig. 26). Values >1.5 Mg/liter were also found at Station 29 where physical 
and chemical conditions were atypical. 



60 




61 



Q 
Z 
< ai_ 

-J «» 

cn 


/"""" 




















o "~ 

Z 
< 
2 






1 














* s- 






/ 




















\ 


1 *°- 


in 


<* 


V 




a- 


. 




W - 




• 


1. 


. 


• • 




V 




it 


CM <* 

7 


— 1 










<o_ 








r 












a- 


• 




/ 


' " 


• \ 


• .. 








a 8- 

z 
< 






\ 












2 S- 

o 

O 

z 

a s- 


. A 


CM 




i i 


J L 




L 




$ 


i ^**r~ 




i i i 




- 


| 



s § 




i § i 




0) 

3 

u 

cs 
o 



u 

0) 



5. 



mi 



§ S 8 J2 



>* 




A 


# 


ft* 


vo 


U 


r* 


J-4 


o\ 


o 


rH 


M 




XX 


4-1 


u 


ID 




3 




cn 


• 


D 


V£ 


<C 


CM 






r* 


• 


rH 


o 


l 


HI 


CM 


fa 


•H 



62 



Hypolimnetic concentrations on the three southernmost transects were 
generally <1 Mg/liter except in the layer iimmediately below the subsurface 
chlorophyll maximum where concentrations ranged from 1 to 2 ug/liter 
(Fig. 26). Most of the volume of the hypolimnion on these deep transects had 
chlorophyll a concentrations <0.6 Mg/liter with concentrations being <0.2 nq/ 
liter below 150 m at Station 17, the deepest station. On the shallow Beaver 
Island and Grand Traverse Bay transects chlorophyll a concentrations in the 
hypolimnion were >1 Mg/liter. 

Summary 

In August, thermal stratification was well developed and more uniform 
than in July. Epilimnetic temperatures ranged from 18 to 20°C and the depth 
of the epilimnion was about 15 to 20 m (Fig. 21). Spatial distributions of pH 
were generally related to water temperature. In the epilimnion, pH ranged 
from 8.5 to 8.6 (Fig. 22). However, maximum values (>8.6) were found at 
depths ranging from 15 to 25 m as the result of increased growth of 
phytoplankton and large standing crops of chlorophyll a (Fig. 26) at these 
depths . 

In August, water at Station 30 had distinct physical, chemical, and 
biological characteristics. These results indicate that water from Green Bay 
was being transported to Lake Michigan through Death's Door. These anomalous 
distributions were particularly evident for pH (Fig. 22), nitrate (Fig. 23), 
silica (Fig. 24), and chlorophyll a (Fig. 26). 

Nitrate and silica concentrations were related to thermal structures. 
Epilimnetic concentrations of nitrate were generally from 0.11 to 0.14 mg/ 
liter in comparison to hypolimnetic concentrations that were as large as 0.26 



63 



to 0.27 mg/liter (Fig, 23). Although epilimnetic nitrogen concentrations had 
decreased since July, epilimnetic silica concentrations remained at low levels 
ranging from 0.1 to 0.3 mg/liter (Fig. 24). Epilimnetic concentrations of 
both nutrients were lowest on the west end of the three southernmost 
transects. Upwelling apparently increased surface concentrations at Stations 
20 and 21 on the Point Betsie transect. 

The subsurface chlorophyll a maximum found in July was present , although 
concentrations in August were smaller and the layer was less distinct than in 
July. In August concentrations were generally between 2 and 3 jug/liter with 
only a few samples exceeding 4 Mg/liter (Fig. 26). 

The spatial distribution of particulate silica was not related to thermal 
structure. In the surface waters , concentrations were greatest on the west 
ends of the three southernmost deep transects and in the offshore waters a 
mid-depth maximum in concentration was found at some stations at depths 
ranging from 25 to 50 m (Fig. 25). 
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CRUISE 5, 7-13 OCTOBER 

Water Temperature 

Epilimnetic water temperatures on the October cruise were less variable 
than those for stratified periods sampled on the July and August cruises. 
Temperatures over the epilimnion on all transects only ranged from 12 to 14 C 
and the epilimnetic depth generally ranged from 25 to 30 ra (Fig. 27). 
Hypolimnetic temperatures were generally <5 C except on the Grand Traverse Bay 
transect where temperatures were <6 C. 

The only atypical temperature distribution was that present between 
Stations 29 and 30 where isotherms were vertical. Apparently this resulted 
from water >13 C that was flowing out of Death's Door from Green Bay and the 
presence of water slightly colder than 12 C throughout the epilimnion at 
Station 29 (Fig. 27). 



Hydrogen Ion Concentration 

In general, the spatial distribution of pH in October was related to 
water temperature. Epilimnetic values generally were >8.5 except at Station 
30 where water from Death's Door had a pH <8.5 (Fig. 28). There were also 
areas of pH <8.5 off North Manitou Island and in most of the epilimnion on the 
Grand Traverse Bay transect. In the hypolimnion, values for pH in October 
were generally <8.3 and in the deeper waters decreased to <8.25. 
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Nitrate Nitrogen 

Spatial patterns in the epilimnetic distribution of nitrate during 
October were more complex than those for temperature* Concentrations in the 
epilimnion were generally <0.16 mg/liter with the largest concentrations , 0.15 
to 0.16 mg/liter , occurring on the eastern ends of the two northern transects 
(Fig. 29). Concentrations over most of the epilimnetic volume ranged from 
0.14 to 0.15 mg/liter. Lower values, <0.12 mg/liter , were found near shore at 
Station 12 near the entrance to the Sturgeon Bay Ship Canal; and the lowest 
values , <0.11 mg/liter , were found at Station 30 near Death f s Door. The low 
nitrate water flowing out of Death's Door that was measured at Station 30 
obviously affected the spatial pattern of nitrate on this transect and 
produced vertical isopleths between Stations 29 and 30. 

In the hypolimnion f concentrations increased with depth but most of the 
volume ranged from 0.26 to 0.28 mg/liter (Fig. 29). Values >0.28 mg/liter 
were found near the bottom on the southernmost transect. On the Grand 
Traverse Bay transect hypolimnetic values were lower, generally <0.26 mg/ 
liter. 

An unusual feature in the spatial distribution of nitrate was noted at 
Stations 17 and 25 where there was a mid-depth maximum in concentration 
(Fig. 29). Although not contoured, a similar pattern in distribution was 
suggested by data collected at other stations. If this distribution is real, 
it may reflect the effects of hypolimnetic mixing at these deep stations or 
the results of nitrification of ammonia. Concentrations of ammonia reported 
under SEASONAL CHANGES were greatest in the metalimnion during the August 
cruise. 
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Soluble Reactive Silica 

In October there was more spatial structure for epilimnetic silica than 
was observed for temperature and nitrate. Smallest epilimnetic 
concentrations , <0.35 mg/liter, occurred at mid lake on the two northern 
transects, but on the two southern transects the lowest concentrations were 
found on the west ends of the transects (Fig. 30). Epilimnetic concentrations 
generally were <0.5 mg/liter. The largest epilimnetic concentrations, >0.7 
mg/liter, were found at Station 30 probably reflecting water flowing out 
Death's Door. In the hypolimnion, concentrations ranged from 0.6 to 1.6 mg/ 
liter with even larger concentrations in the bottom samples at some of the 
deep stations. 

Particulate Silica 

The spatial distribution of particulate silica in October was not 
strongly related to thermal structure. Probably one reason for the lack of 
structure was the low concentrations found on this cruise, as many of the 
values were <0.4 mg/liter. Values >0.4 mg/liter were found on the west ends 
of the three southernmost transects and in bottom and near-bottom samples from 
the deepest stations (Fig. 31). There was some indication that minimum values 
occurred at the top of the hypolimnion or the bottom of the metalimnion. This 
zone of minimum concentration, <0.2 or <0.3 mg/liter, was found at some 
stations on all transects. 

Chlorophyll a 

The influence of thermal stratification on the distribution of 
chlorophyll a in October was evident in that epilimnetic areas were readily 
distinguishable from hypolimnetic areas on the basis of concentration. Sharp 
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gradients in chlorophyll concentration were found in the metalimnion. 
Hypolimnetic concentrations were much lower than those in the epilimnion, 
being <0.2 Mg/liter over much of the volume on all transects. The zone with 
<0.2 Mg/liter extended from 50 m to the bottom on the three deep transects 
(Fig. 32). 

Distributions in the epilimnion were relatively complex and the 
subsurface chlorophyll maximum that had been observed on the two earlier 
thermally stratified cruises was not present. Concentrations in the 
epilimnion were generally >0.6 jug/liter and at near shore stations 
concentrations were generally >1 Mg/liter (Fig. 32). Concentrations >2 Mg/ 
liter were found at the west end of two transects, at Rawley Point and Death's 
Door . 

Summary 

The water column in October was thermally stratified as it had been in 
July and August. Temperatures were less variable than on previous cruises but 
had decreased to 12 to 14°C (Fig. 27). The epilimnetic depth generally ranged 
from 25 to 30 m. An atypical temperature structure was found at Station 30 
which was attributed to water from Green Bay flowing out of Death's Door. 
Data for nitrate (Fig. 29), silica (Fig. 30), and chlorophyll (Fig. 32) also 
support the conclusion of transport from Green Bay through Death's Door. 
Epilimnetic values for pH generally ranged from 8.5 to 8.6. Values as low as 
8.4 were present at a few stations (Fig. 28). 

Spatial structures of nitrate and silica in October were more complex 
than thermal structure. Epilimnetic concentrations of nitrate ranged from 
0.12 to 0.15 mg/liter, with the lowest values of 0.10 to 0.12 mg/liter at 
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Stations 12 and 30 near Death's Door and the entrance to the Sturgeon Bay Ship 
Canal (Fig. 29). 

Epilimnetic silica concentrations at some stations on all transects were 
<0.35 mg/liter; however this pattern was not uniform over all transects 
(Fig. 30). Larger concentrations were found generally at stations closer to 
shore and not at midlake stations. The greatest surface concentration was 0.7 
mg/liter at Station 30 which is undoubtedly a characteristic of Green Bay 
water flowing out of Death's Door. 

Chlorophyll a structure in October was very complex. The largest 
epilimnetic concentrations tended to occur at nearshore stations or at 
stations close to shore. Maximum concentrations exceeded 2 Mg/liter at some 
stations (Fig. 32). The most consistent feature in the distribution of 
chlorophyll a was hypolimnetic concentrations <0.2 ^g/liter at all stations. 
The spatial distribution of particulate silica also was complex (Fig. 31) with 
no general pattern that could be attributed to thermal structure. 
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SEASONAL CHANGES 

WATER TEMPERATURE 

On the first two cruises in April and June, water temperatures at the 
master stations were isothermal with the exception of Station 36 in June. 
At Station 36 surface water temperature in June was 8 C indicating that 
thermal stratification was just beginning (Fig. 33). Water temperature at the 
four master stations in April was approximately 3 C which was the same as the 
average epilimnetic and hypolimnetic temperatures on this cruise (Table 2). 
By early June, temperatures at the master stations had increased to 4 C or 
greater. Because the master stations were among the deepest stations, surface 
temperatures, with the exception of shallow Station 36, were somewhat lower 
than the epilimnetic average of 6.7 C for the June cruise. 

For the last three cruises in July, August, and October, the lake was 
thermally stratified. In July there was a large range in water temperatures 
at the master stations that resulted from the "cold core" of water found at 
Station 17. This "cold core" had a temperature of 12.5 C compared to 
epilimnetic temperatures of 17°C at Station 6 and 15 C at Stations 25 and 36 
(Fig. 33), and an average epilimnetic temperature of 15.5 C (Table 2). 
The epilimnetic depth in July was shallow, about 10 m. From 10 to 30 m there 
was a rapid decrease in temperature and the hypolimnetic waters extended from 
30 m to the bottom, except at Station 36 where the hypolimnion appeared to 
begin at 40 m. 

The August cruise, like the July cruise, also occurred during the period 
of summer thermal stratification. In August the temperatures ranged from 18.5 
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FIG. 33. Seasonal changes in water temperature at master stations, 
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TABLE 2. Seasonal changes in average water temperature (°C) for depth 
strata in offshore and nearshore waters. Data are means + one standard 
deviation, N indicates number of samples for each stratum, NA indicates 
no data could be assigned to stratum. Epi, Meta, and Hypo refer to 
epilimnion, metalimnion, and hypolimnion. 











Cruise 






Stratum 












April 


June 


July 


August 


November 


Epi 


3.2 + 1.1 


6.7 + 2.4 


15.5 + 1.5 


18.3 + 1.1 


12.8 + 0.8 


N 


(38) 


(41) 


(54) 


(56) 


(70) 


Meta 


(NA) 


7.2 + 0.4 


8.9 + 1.9 


9.5 + 2.7 


8.1 + 1.4 


N 


(NA) 


(3) 


(41) 


(65) 


(27) 


Hypo 


3.1 + 0.6 


4.5 + 0.5 


4.8 + 0.5 


4.9 + 0.5 


4.5 + 0.6 


N 


(86) 


(95) 


(106) 


(96) 


(92) 



Nearshore 5.5 + 1.8 9.6 + 2.3 15.2 + 2.8 16.6 + 3.6 12.7 + 0.6 
N (18) (22) (22) (23) (20) 

to 19 C in the epilimnion at the master stations which was slightly warmer 
than the epilimnetic average of 18.3 C (Table 2). The epilimnion was deeper 
than in July, extending to 15 m at three of the stations and to 20 m at 
Station 6 (Fig. 33). The metalimnion was 10 to 15 m deep at the master 
stations, with the exception of Station 36 where it was 30 m deep and extended 
to approximately 45 m. 

On the final cruise in October the epilimnion was much deeper than on the 
earlier thermally stratified cruises as a result of cooling in the surface 
waters and entrainment of deeper cooler waters. The epilimnetic depth had 
increased to 30 m at three of the stations but only to 20 m at Station 25 
(Fig. 33) and water temperatures had decreased and were about equal to the 
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mean epilimnetic temperature of 12.8 C for this cruise (Table 2). The 
metalimnion at the three southernmost master stations extended to 30 m and was 
much deeper at Station 36 where it extended to a depth of at least 40 m. 

Hypolimnetic temperatures, as would be expected, were uniform for the 
last four cruises. Hypolimnetic temperatures for these cruises also averaged 
less than 5 C (Table 2). Lower hypolimnetic temperatures were found in April 
when water column temperatures were less than the temperature of maximum 
density of water. 

Nearshore temperatures during the study were significantly warmer than 
the average epilimnetic temperatures only on Cruise 1 in April and Cruise 2 in 
June (Table 2). During the rest of the year average nearshore temperatures 
were essentially the same as average epilimnetic temperatures in the offshore 
waters. In July and August the variability of nearshore temperatures was 
greater than the offshore epilimnetic temperatures and in August the nearshore 
average was actually less than the offshore average. The greater variability 
and lower average temperature for nearshore stations were probably caused by 
upwelled water at nearshore stations. Shallower nearshore waters also 
fluctuate more in temperature than offshore waters because these water masses 
with larger surface area-to-volume relationships respond more rapidly to 
changes in atmospheric and meteorological conditions than the deeper offshore 
waters. 

HYDROGEN ION CONCENTRATION 

At the master stations there was little variation in pH during the April 

and June cruises. On the April cruise pH measurements were obtained only on 

the southermost transect at Station 6 and there was no vertical difference in 
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values which ranged generally from 8.3 to 8.35 (Fig. 34). Values for pH at 
the three deep stations on the June cruise were similar to those found at 
Station 6 in April. Values for pH in June were generally about 8.3 f with a 
slight trend toward higher values at the top of the water column than at the 
bottom. This difference was small, being less than 0.1 of a pH unit. Effects 
of thermal stratification on the distribution of pH were evident at the 
shallow station, Station 36, where pH was 8.46 near the surface and decreased 
to 8.30 in the deepest waters. 

After the onset of thermal stratification there was an obvious vertical 
structure of pH. Values in the epilimnetic and metalimnetic waters increased 
after stratification was established while those in the bottom waters appeared 
to decrease. In July, pH in the epilimnion ranged from 8.64 at Station 36 to 
8.76 at Station 6 (Fig. 34). Hypolimnetic pH was <8.3, with values as small 
as 8.15 being recorded in samples collected near the bottom. 

The vertical structure of pH changed from July to August; epilimnetic 
values decreased and were in the range of 8.55 to 8.64 (Fig. 34). The most 
pronounced change in August was the presence of maximum pH values in the 
metalimnion. These values ranged from 8.60 to 8.65 at the three deepest 
stations. 

On the October cruise epilimnetic pH values ranged from 8.50 to 8.54 and 
values in the hypolimnion ranged generally from 8.2 to 8.3 with values in some 
nearrbottom samples being <8.2 (Fig. 34). 

The pH values in the epilimnion and metalimnion at the master stations 
appeared to be different than those at the other stations sampled. On the 
last four cruises (June to October), epilimnetic pH values (Fig. 34) were 
greater than epilimnetic means for offshore stations (Table 3). The August 
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metalimnetic maxima for the master stations were also greater than the August 
mean for metalimnetic samples. These differences were about 0.2 pH units , 
indicating that the detailed vertical sampling at the master stations may have 
revealed structure that was missed with less intensive sampling at other 
offshore stations. 

NITRATE NITROGEN 

On the first two cruises in April and June the distribution of nitrate at 
the four master stations was generally homogeneous. There was no decrease in 
concentrations between the two cruises (Fig. 35) as might be suggested from 
the small difference in epilimnetic averages for the April and June cruises 
(Table 4). On both cruises concentrations at the two deepest stations, 
Stations 17 and 25, ranged from 0.24 to 0.25 mg/liter. At the other deep 
station, Station 6, concentrations actually appeared to be larger on the June 
cruise than on the April cruise. At the shallow station, Station 36, nitrate 
concentrations were smaller on both cruises than those at the deeper stations 
and also decreased from April to June. In April, concentrations at Station 36 
ranged from 0.21 to 0.22 mg/liter over most of the water column. 
Concentrations were slightly greater near the bottom and by June had decreased 
to <0.21 mg/liter over most of the water column with concentrations as low as 
0.20 mg/liter occurring at 5 m. The lower concentrations at 5 and 10 m are 
the result of thermal stratification and subsequent nitrate utilization by 
epilimnetic phytoplankton communities. 

The vertical distribution of nitrate at the master stations was strongly 
related to the thermal structure. During thermal stratification average 
epilimnetic concentrations of nitrate at all stations decreased relative to 
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TABLE 4. Seasonal changes in average nitrate-nitrogen (ng N/liter) for depth 
strata in offshore and nearshore waters. Data are means + one standard 
deviation, N indicates number of samples for each stratum. NA indicates no 
data could be assigned to stratum. 











Cruise 






Stratum 












April 


June 


July 


August 


October 


Epi 


237 + 27 


221 + 32 


155 + 25 


126 + 18 


151 + 17 


N 


(54) 


(79) 


(82) 


(80) 


(90) 


Meta 


(NA) 


173 + 12 


189 + 27 


186 + 36 


240 + 31 


N 


(NA) 


(3) 


(41) 


(65) 


(27) 


Hypo 


241 + 20 


233 + 22 


254 + 30 


257 + 24 


266 + 24 


N 


(114) 


(99) 


(123) 


(101) 


(108) 


Nearshore 


202 + 63 


155 + 50 


153 + 29 


145 + 40 


136 + 22 


N 


(18) 


(22) 


(22) 


(23) 


(20) 



concentrations present during the thermally mixed period in April and June. 
The largest decrease occurred from June to July when epilimnetic averages 
decreased from 0.22 mg/liter to 0.16 mg/liter (Table 4). The average 
concentration decreased to 0.13 mg/liter in August but then increased to 0.15 
mg/liter in October when epilimnetic cooling and entrainment of nitrogen-rich 
deeper waters increased the concentration of nitrogen in the epilimnion. 

Average hypolimnetic concentrations decreased from 0.24 to 0.23 mg/liter 
during the two thermally mixed cruises in April and June (Table 4). After 
stratification hypolimnetic concentrations were greater than those earlier in 
the year (Fig. 35) and appeared to increase slightly during the season 
(Table 4) . A general increase probably would be expected as the result of 
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regeneration of nitrogenous materials in the hypolimnion and possibly to the 
nitrification of ammonia. 

Metalimnetic concentrations were no different on the two thermally 
stratified cruises in July and August (Table 4). Concentrations averaged 
about 0.19 mg/liter r significantly less than the average of 0.24 mg/liter 
which was found during the October cruise. The sharp increase in metalimnetic 
concentrations from August to October reflects entrainment of nitrate-rich 
waters as the epilimnion deepened during the fall. The smallest metalimnetic 
concentrations were found in June when only shallow stations were stratified. 
The resulting average obtained from three samples (Table 4) therefore has 
little meaning in terms of lake-wide conditions. 

Epilimnetic concentrations at the four master stations during the 
thermally stratified cruises were generally those that would be expected from 
the epilimnetic averages obtained at all stations. The major exception is 
that the "cold core" water at Station 17 during July had a nitrate 
concentration ranging from 0.18 to 0.19 mg/liter (Fig. 35) which was more 
characteristic of metalimnetic water than epilimnetic water (Table 4). At the 
other two deep master stations, concentrations in July ranged from 0.13 to 
0.14 mg/liter and were at the low end of the range expected from epilimnetic 
averages for all stations. Values at Station 36 were 0.15 to 0.16 mg/liter 
which were consistent with the epilimnetic average of 0.155 mg/liter. In 
August, epilimnetic nitrate concentrations at the master stations ranged from 
0.11 to 0.12 mg/liter at the three deep stations, with slightly larger 
concentrations being found at Station 25 (Fig. 35). These concentrations were 
lower than the average epilimnetic concentration of 0.13 mg/liter for this 
cruise (Table 4). On the other hand, concentrations at Station 36 averaged 
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0.14 mg/liter which was essentially equal to the average concentration. On 
the October cruise epiliranetic concentrations at the three master stations, 
with the exception of Station 17, ranged from 0.14 to 0.15 mg/liter, less than 
the average concentration of 0.15 mg/liter. For the epilimnion, the range for 
Station 17 of 0.15 to 0.16 mg/liter was greater than the cruise average for 
all stations. 

Seasonal changes in nitrate at Station 36, the shallowest of these four 
stations, differed from the patterns found at the three deeper stations. 
During the first two cruises the epilimnetic concentrations at Station 36 
(Fig. 35) were considerably less than the epilimnetic averages for the study 
area (Table 4), but on the three thermally stratified cruises concentrations 
at Station 36 were within one standard deviation of the mean concentration for 
the epilimnion. This effect could be attributed to one of two factors, either 
to an input of nitrogen-rich water from the Straits of Mackinac area or to the 
fact that more nitrogen may have been entrained from deep waters at this 
station than at the other stations on the transect. 

Hypolimnetic data suggest an increase in nitrate concentration from the 
second cruise in June until the final cruise in October. The concentration 
differences, particularly during the three stratified cruises, are relatively 
small, but there is an increasing trend in average concentrations (Table 4). 
Inspection of the data for the three deep master stations suggests that this 
increase may have occurred throughout the hypolimnion rather than in the 
waters near the bottom (Fig. 35). Profiles for October at these stations show 
larger concentrations in the metalimnion than in deeper layers near the top of 
the hypolimnion. If this increase is real, it must be attributed to the 
regeneration of nitrogen from the decomposition of organisms and possibly from 
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the nitrogenous waste products of plankton and nekton. Concentrations in 
bottom samples also appeared to increase at all the master stations; however , 
this increase is relatively small and is restricted to depths very close to 
the bottom. 

Hypolimnetic nitrate distribution at Station 36 was different than that 
at the three deeper stations (Fig, 35) . Concentrations generally were less at 
Station 36 on all cruises than at the deeper stations. In addition, the 
distribution generally indicated a fairly steady increase in concentration 
from the top of the hypolimnion to the bottom of the hypolimnion; whereas at 
deeper stations, hypolimnetic concentrations were more uniform over the 
hypolimnetic depth. 

SOLUBLE REACTIVE SILICA 

During the homothermal period that was sampled on the April and June 
cruises, silica concentrations at the four master stations were generally 
homogeneous over the water column. Concentrations at shallow Station 36 were 
much less than those at the deeper stations and decreased markedly from April 
to June. In April, concentrations at Station 36 ranged from 0.7 to 0.8 mg/ 
liter in comparison to concentrations at the deeper stations that were 1 mg/ 
liter, ranging to as large as 1.2 mg/liter (Fig. 36). By June, cruise 
concentrations at Station 36 had decreased to 0.4 to 0.5 mg/liter. Decreases 
from April to June, although smaller than at Station 36, were also observed at 
Stations 17 and 25 but not at Station 6. Concentrations for April and June at 
the deep master stations were larger than the epilimnetic averages for these 
two cruises (Table 5), a result which would be expected because the master 
stations are among the deepest stations sampled during the study. 
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On the June cruise the silica profiles at Stations 25 and 36 differed 
from the homogeneous pattern found at Stations 6 and 17. At Station 25 there 
was an obvious increase in concentration for samples collected near the 
bottom, which was also true to a lesser extent at Station 36. In addition, at 
Station 36 the influence of thermal stratification was seen in that surface 
silica concentrations were slightly depleted relative to those at deeper 
depths . 

Epilimnetic silica concentrations decreased after the June cruise and 
establishment of thermal stratification in July and August (Table 5). 
Epilimnetic concentrations at the four master stations during July and August 
(Fig. 36) were within the range that would be expected from the epilimnetic 
cruise averages with the exception that the "cold core" at Station 17 in July 
had silica concentrations that ranged from 0.65 to 0.75 mg/liter, about 0.4 
mg/liter greater than the epilimnetic average. Minimum epilimnetic 
concentrations, averaging 0.2 mg/liter (Table 5), were found in August. 
By October, concentrations at the three deep stations had increased to 0.7 to 
0.8 mg/liter as the result of entrainment of deep silica-rich water. These 
concentrations were larger than the epilimnetic average of 0.45 mg/liter for 
all stations and, in fact, were nearly equal to the metalimnetic average for 
October . 

Shapes of silica profiles at the master stations compared with those for 
nitrate show generally that silica in the metalimnion and the upper part of 
the hypolimnion (Fig. 36) was relatively more depleted than nitrogen 
(Fig. 35), but that in the bottom waters silica was enriched to a much greater 
extent than nitrogen. These data indicate that the near-bottom area and 
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posibly the sediments are much more important in silica recycling than would 
be the case for nitrogen. 

PARTICULATE SILICA 

During the thermally mixed period in the spring a certain amount of 
structure developed in the vertical distribution of particulate silica. In 
April, at the three deep stations, concentrations varied little from the 
surface to the bottom. At Stations 6 and 25 concentrations ranged from 0.2 to 
0.3 mg/liter and were slightly less at the deepest station, Station 17, where 
concentrations were generally 0.2 mg/liter or less (Fig. 37). At shallow 
Station 36 concentrations ranged from 0.4 to 0.5 mg/liter which was more 
representative of average epilimnetic and hypolimnetic concentrations in April 
(Table 6) than the smaller than average concentrations at the deeper stations. 
On the second cruise in June there was some evidence of vertical structure at 
Station 17 but the structure was much more evident at Stations 6, 25, and 36. 
At Station 25 concentrations of particulate silica below 110 m were 0.5 mg/ 
liter, much greater than the concentrations above that depth. At Station 6, 
the maximum concentration, 0.5 mg/liter, was observed at 20 m. A subsurface 
maximum was also found at this station on the three following cruises. 

During the thermally stratified cruises in July and August, the general 
pattern of vertical distribution at the master stations was a relatively large 
concentration in the epilimnion or metalimnion, below which was a zone of 
minimum concentration and a zone of maximum concentration near the bottom. 
This pattern is particularly evident for Station 25 in July and at Station 6 
in July, August, and October (Fig. 37). Data for all stations showed that 
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average concentrations in the metalimnion for July and August were greater 
than those in the epilimnion (Table 6). 

Mean concentrations of particulate silica in different thermal zones of 
the lake illustrate several patterns that are related to dynamics of silica. 
Means for the first two cruises indicate uniform distributions from surface to 
the bottom with very little change , if any, in average concentration from 
April to June (Table 6). Maximum epilimnetic concentrations were found in 
July, During July and August, concentrations were greater in the metalimnion 
than in the epilimnetic waters. These large concentrations reflect the 
subsurface chlorophyll maximum also found in this zone. The data also 
indicate that the subsurface maximum was present in June, although the larger 
average metalimnetic concentration was based on only three samples. 

In the hypolimnion, concentrations increased in July after thermal 
stratification was established, and then progressively decreased until the 
last sampling in October (Fig. 37). Hypolimnetic averages for data from all 
stations (Table 6) are biased by the near-bottom samples that generally have 
greater concentrations than the average (Fig. 37). These larger than average 
concentrations contribute to the relatively large variances obtained for the 
hypolimnetic averages on the stratified cruises in July, August, and October. 

CHLOROPHYLL a 

In April, on the first cruise during homothermal conditions, there was no 
obvious vertical structure at any of the master stations. Chlorophyll 
concentrations at shallow Station 36 ranged from 2.4 to 2.7 jug/liter which was 
much larger than the concentrations at the three deeper stations (Fig. 38). 
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At the three deeper stations concentrations were generally <1.1 Mg/liter and 
at Station 17 , the deepest station, were generally <0.7 jug/liter. 

On the June cruise, chlorophyll concentrations at the four master 
stations, with the exception of Station 17, were greater than in April. 
The greatest increase occurred at Station 36 where a subsurface maximum of 4.2 
Mg/liter was found in the metalimnion at 25 m (Fig. 38); Station 36 was the 
only master station that was thermally stratified in June. At Station 25 
chlorophyll concentrations had increased to a maximum of 2 jug/liter with some 
evidence for the beginning of vertical structure. 

Vertical structure in chlorophyll concentrations was very evident on the 
three cruises conducted while the lake was thermally stratified. During the 
July and August cruises the metalimnetic chlorophyll maximum was well 
developed and was found at all four master stations (Fig. 38). In October the 
vertical structure changed in that maximum chlorophyll concentrations were 
found in the epilimnion and minimum concentrations were present in the lower 
metalimnion and hypolimnion. The hypolimnetic mean for the October cruise was 
0.25 Mg/liter compared to an epilimnetic mean of 0.90 jug/liter (Table 7). 
Hypolimnetic concentrations at the three deep master stations were much less 
than the cruise mean and were generally <0.1 Mg/liter (Fig. 38). 

The metalimnetic chlorophyll maximum that was present in July and August 
was found at depths ranging from 20 to 30 m at the three deep stations 
(Fig. 38). In July the maximum was found at 20 m at Stations 6 and 17 and at 
deeper depths in August (25 to 30 m) . Concentrations were as large as 5.5 tig/ 
liter in July and were greater than August concentrations that did not exceed 
3.2 ag/ liter. At shallow Station 36 the maximum concentration in the 
subsurface layer occurred in June when the water column was thermally 
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stratified. This concentration was 4.2 jug/liter. In July the concentration 
was 3.4 /ig/liter and decreased to only 2 /xg/liter in August. Average 
metalimnetic concentrations of chlorophyll a were also greater during July and 
August average cruise concentrations in either the epilimnion or hypolimnion 
(Table 7). 

TOTAL PHOSPHORUS 

On the first two cruises during homothermal conditions there was little 
indication of vertical structure in total phosphorus concentrations at any 
master station (Fig. 39). Peaks in concentration occurred only at one or two 
depths in any profile. Data for the master stations and cruise means 
(Table 8) indicate that total phosphorus concentrations decreased from the 
April cruise to the June cruise. However, lairge variances associated with 
these measurements indicate that the differences are not statistically 
significant. 

During the thermally stratified cruises total phosphorus concentrations 
increased! in near-bottom samples compared to values in April and June 
(Fig. 39). Obviously some of this increase resulted from observed increases 
in soluble reactive phosphorus concentrations for near-bottom samples. Even 
though there was an increase in total phosphorus concentrations in near-bottom 
samples , cruise means for the hypolimnetic samples were no greater than the 
epilimnetic averages (Table 8). In fact, on the October cruise the 
hypolimnetic mean was about 1 jug/liter less than the epilimnetic average. 
In June and August, largest average concentrations were found in the 
metalimnetic strata. Large variations are associated with these averages so, 
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TABLE 8. Seasonal changes in average total phosphorus (Mg/liter) for depth 
strata in offshore and nearshore waters. Data are means + one standard 
deviation. N indicates number of samples for each stratum. NA indicates 
no data could be assigned to stratum. 











Cruise 






Stratum 












April 


June 


July 


August 


October 


Epi 


7.8 + 2.0 


6.8 + 1.3 


8.9 + 4.1 


8.0 + 2.5 


8.0 + 3.6 


N 


(54) 


(78) 


(82) 


(80) 


(90) 


Meta 


(NA) 


7.1 + 1.1 


9.2 + 3.8 


9.1 + 2.5 


7.3 + 1.5 


N 


(NA) 


(3) 


(40) 


(65) 


(27) 


Hypo 


7.5 + 1.3 


6.6 + 1.4 


8.8 + 3.9 


8.9 + 3.1 


6.9 + 2.2 


N 


(113) 


(99) 


(124) 


(101) 


(108) 


Nearshore 


10.6 + 5.1 


7.9 + 2.6 


10.5 + 5.9 


9.8 + 2.5 


8.0 + 3.3 


N 


(18) 


(22) 


(22) 


(23) 


(20) 



even though the trends may indicate larger averages, the differences between 
means are not statistically significant (t-tests f a = 0.05). 

Vertical structure in total phosphorus concentrations is suggested by 
data from the master stations for the three thermally stratified cruises that 
were conducted during July, August, and October. In July, concentrations in 
the epilimnion were larger than in metalimnetic waters of the three deep 
stations, particularly at Station 25 where total phosphorus concentrations 
were 24 Mg/liter in the epilimnion (Fig. 39), These large values for July 
obviously are not representative values and may be the result of sample 
contamination or possibly to sampling artifacts or bias. In August, 
concentrations were greater in the metalimnion and lower part of the 
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epilimnion than in the waters above or below. In October, minimum values 
tended to occur at the lower part of the metalimnion or the top of the 
hypolimnion, except at Station 17 . 

TOTAL SOLUBLE PHOSPHORUS 

Total soluble phosphorus (Table 9) represented a large fraction of the 
total phosphorus concentrations (Table 8). For hypolimnetic samples, the 
soluble component was at least 50% of the total and ranged to as much as 60% 
of the average total phosphorus concentration. Averages of the soluble 
fraction of epilimnetic samples were also a large proportion of the total 
phosphorus concentration, but were less than 50% during July and August. 
Average total soluble phosphorus concentrations in the metalimnion were a 
relatively smaller proportion of the total in July and August, indicating that 
the largest concentrations of particulate phosphorus occurred in the 
metalimnion during these 2 months. 

A large fraction of the total soluble phosphorus concentration was 
refractory because soluble reactive phosphorus concentrations (not presented 
in this report) rarely exceeded 2 /xg P/L (Bartone and Schelske 1982), except 
for near-bottom samples. 

AMMONIA NITROGEN 

Large variations in ammonia concentrations were found for all strata 
sampled (Table 10) . Values for specific depths can vary greatly from the mean 
when samples are contaminated and some of the observed variability undoubtedly 
resulted from contamination. However, the small concentrations reported for 
most samples indicate that significant contamination occurred infrequently. 
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TABLE 9. Seasonal changes in average total soluble phosphorus (ug P/liter) 
for depth strata in offshore and nearshore waters. Data are means + one 
standard deviation. N indicates number of samples for each stratum. 
NA indicates no data could be assigned to stratum. 











Cruise 






Stratum 












April 


June 


July 


August 


October 


Epi 


4.7 + 3.5 


3.4 + 0.6 


4.2 + 3.4 


3.6 + 1.2 


4.7 + 2.8 


N 


(54) 


(79) 


(82) 


(80) 


(99) 


Meta 


(NA) 


3.5 + 0.6 


3.5 + 1.9 


3.9 + 1.5 


4.2 + 1.1 


N 


(NA) 


(3) 


(41) 


(65) 


(27) 


Hypo 


4.3 + 1.2 


3.3 + 0.6 


5.1 + 3.8 


5.0 + 2.0 


3.9 + 1.2 


N 


(114) 


(99) 


(123) 


(101) 


(108) 


Nearshore 


4.7 + 2.2 


3.3 + 0.9 


4.3 + 3.7 


3.8 + 1.2 


4.7 + 1.4 


N 


(18) 


(22) 


(22) 


(23) 


(20) 



On the two cruises conducted during isothermal conditions, it is 
difficult to discern any pattern in vertical structure in ammonia 
concentrations. There is some indication thctt concentrations were lower in 
surface waters than near the bottom. This trend can be seen by comparing 
cruise means for epilimnetic and hypolimnetic samples (Table 10) . On the June 
cruise, near-surface samples at the three deep master stations tended to 
increase in concentration to a depth of about 60 m (Fig. 40). Below 60 m at 
Stations 6 and 17, there was a zone of minimum values which extended to about 
150 m. The pattern of mid-depth minimum values, however, was not found at 
Station 25. 
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TABLE 10. Seasonal changes in average ammonia concentrations (jug/liter) 
for depth strata in offshore and nearshore waters* Data are means + one 
standard deviation. N indicates number of samples for each stratum. 
NA indicates no data could be assigned to stratum. 











Cruise 






Stratum 












April 


June 


July 


August 


October 


Epi 


4.1 + 3.4 


3.7 + 2.0 


8.0 + 4.2 


7.6 + 4.0 


7.6 + 2.7 


N 


(52) 


(79) 


(82) 


(80) 


(90) 


Meta 


(NA) 


4.1 + 3.4 


8.8 + 4.4 


16.5 + 6.2 


6.5 + 3.1 


N 


(NA) 


(3) 


(41) 


(65) 


(27) 


Hypo 


4.5 + 5.6 


5.2 + 3.0 


10.0 + 5.0 


7.8 + 6.4 


4.8 + 2.4 


N 


(113) 


(99) 


(123) 


(100) 


(108) 


Nearshore 


9.0 + 10.0 


6.4 + 4.4 


10.3 + 7.1 


7.8 + 3.7 


9.5 + 3.8 


N 


(18) 


(22) 


(22) 


(23) 


(20) 



Patterns in vertical structure of ammonia were apparent when the lake was 
thermally stratified. In August there was an obvious metalimnetic maximum in 
the vertical structure (Fig. 40). Maximum concentrations in this layer 
exceeded 20 Mg/liter at the three deep master stations in contrast to 
concentrations that were less than 5 Mg/liter at the surface. The August 
metalimnetic average was 16 Mg/liter , also obviously much greater than either 
the epilimnetic or hypolimnetic cruise average for this month (Table 10). 
This pattern was not as evident during the July cruise , although there was a 
tendency for higher concentrations below the metalimnion. By October the 
subsurface maximum was no longer evident and, with the exception of Station 6, 
concentrations varied little from surface to bottom. The general pattern in 



104 




>ig N/1 



jigN/l 



FIG. 40. Seasonal changes in ammonia nitrogen at master stations, 
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October appeared to be slightly higher concentrations in the epilimnetic 
waters than in the hypolimnion, with increased concentrations in the near- 
bottom waters. This general pattern of lower hypolimnetic concentration is 
suggested by the cruise means for October where epilimnetic and metalimnetic 
averages are greater than the hypolimnetic average (Table 10) . 

CHLORIDE 

Average chloride concentrations ranged from 7.8 to 8.0 mg/liter among the 
open-lake strata sampled on the different cruises (Table 11). Data from the 
first cruise in April were much more variable than those obtained on 
subsequent cruises. Greater variability in April was probably the result of 
methodology and should not be attributed to environmental changes in 
concentration of this conservative substance. 

Average concentrations for the July and October cruises show that 
chloride in the open lake averaged 8.0 mg/liter during 1976. Data in Table 11 
suggest that chloride increased during the year. An increase in concentration 
would not be unexpected because there has been a long-term increase in 
chloride concentrations since the early 1900s (Beeton 1969). 
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STRAITS OF MACKINAC 

Twenty-five stations were established in the region west of the Straits 
of Mackinac. Included in this area are stations numbered from 41 to 65 
located over a 70-km distance west of the Straits of Mackinac (Fig. 1). 
Environmental characteristics in this area change rapidly both temporally and 
spatially as the result of the interchange of water between Lake Michigan and 
Lake Huron (Saylor and Sloss 1976). Chemical and biological characteristics 
of the two lakes are different and the exchange and mixing of waters of the 
two lakes produce water masses with distinct chemical and biological 
characteristics (Schelske et al. 1976). Because variables vary spatially and 
temporally in the Straits of Mackinac region, we did not attempt to include 
Straits of Mackinac stations in the earlier presentations of spatial structure 
and seasonal changes. 

Seasonal characteristics for data collected at the 5-m depth at the 
Straits of Mackinac stations have been summarized in Table 12. Variances for 
these 5-m samples tended to be larger than those associated with epilimnetic 
averages at main lake stations (Tables 2 to 11) . 

WATER TEMPERATURE 

Seasonal patterns of surface temperatures at the Straits of Mackinac 
stations were similar to those for epilimnetic strata of the main lake 
stations. During April average water temperatures for both groups of stations 
were <4 C (Tables 2 and 12 ), indicating that the water column was not 
thermally stratified. In June, however, differences in average water 
temperatures were greatest. In the Straits area, the average temperature was 
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10.8 C, compared to only 6.7 C for the main lake stations. The main reasons 
for colder temperatures at the main lake stations were that many of deep open- 
lake stations were homothermous and, in addition, the 7.3-m nearshore stations 
were excluded from open-lake averages . For the remainder of the year, 
temperatures were comparable for the two groups with the major difference 
being that the Straits stations averaged 3C warmer in July than the main lake 
stations . 

HYDROGEN ION CONCENTRATION 

No pH data were obtained on the April cruise in the Straits of Mackinac 
area, On the remainder of the cruises there were only small differences in pH 
between the two groups of stations with the exception of the July cruise. 
In July the average pH in the Straits area was 8.20 +1.30 (Table 12) compared 
to an epilimnetic average of 8.58 + 0.14 at the main lake stations (Table 3). 
Differences in averages for the other cruises were 0.05 pH units or less and, 
in fact, the averages and standard deviations for the August data were 
identical . 

NITRATE NITROGEN 

Comparing data for nitrate nitrogen from the Straits of Mackinac stations 
with those from the open lake indicate different seasonal cycles for the two 
areas of Lake Michigan. Seasonal changes for the Straits stations were 
smaller than in the open lake. Average concentrations showed a 0.043 mg/liter 
range for the Straits stations (Table 12), or less than half the 0.11 mg/liter 
range for the main lake stations (Table 4). Apparently the major factor for 
the smaller range at the Straits stations is shallower waters and, as a 
consequence, greater utilization of nitrate prior to sampling on the first 
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cruise. Most of the decrease in concentration at the open-lake stations 
occurred after thermal stratification or after the June cruise. 

Nitrate concentrations at the open-lake stations were greater initially, 
but after thermal stratification decreased to lower levels (Table 4) than 
those found in the Straits of Mackinac (Table 12). Higher levels in the 
Straits in the summer may have resulted from subsurface flow and enrichment 
with high nitrate water from Lake Huron. Data collected in the summer and 
fall of 1973 from the Straits of Mackinac and northern Lake Huron (Schelske et 
al. 1976) show that hypolimnetic nitrate concentrations exceed 0.3 mg/liter. 
Therefore, subsurface transport from Lake Huron to Lake Michigan might enrich 
the epilimnetic Straits waters in terms of nitrate, which averaged 0.14 mg/ 
liter during the summer (Table 12). 

AMMONIA NITROGEN 

Average concentrations of ammonia nitrogen ranged from 2.6 to 6.9 Aig/ 
liter for the 5-m samples from the Straits region (Table 12). No discernible 
pattern was evident for averages from the five cruises. At open-lake stations 
average concentrations for the five cruises ranged from 3.7 to 8.0 Mg/liter 
(Table 5). Although averages appear to be greater for open-lake stations, 
they are probably not because of the large variances associated with most of 
the means. More than half of the standard deviations for the combined data 
sets are at least 50% of the mean. 

SOLUBLE REACTIVE SILICA 

Seasonal changes in silica concentrations were similar to those for 
nitrate in that the range in average concentrations was smaller for Straits of 
Mackinac stations than those for the open-lake epilimnion. However, 
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differences in the range for silica were 0.63 mg/ liter for the Straits 
stations (Table 12) , and 0.77 mg/liter for the open-lake stations (Table 6), 
relatively small differences compared to a greater than two-fold difference in 
averages for nitrate concentrations. Undoubtedly, the main reason for smaller 
differences in silica was the fact that average concentrations in both areas 
were reduced by diatom growth to 0.2 mg/liter , a level below which diatom 
growth would be severely limited. Uptake of nitrogen by phytoplankton was not 
limited by supplies in the water so greater ranges in concentration resulted 
from phytoplankton uptake and growth. 

Seasonal patterns in average concentrations were also different for the 
two areas. In the Straits region, average concentrations in April were 0.40 
mg/liter (Table 12), compared to 0.96 mg/liter at the open stations (Table 6). 
During the October cruise, concentrations at the Straits stations were greater 
than at any time sampled, whereas in the open lake the average epilimnetic 
concentration was only 0.45 mg/liter. The more rapid reduction in silica 
concentrations in the spring, like that for nitrate, is probably an effect 
that can be attributed to shallower water in the Straits region. 

PARTICULATE SILICA 

Seasonal cycles of particulate silica were not evident for data obtained 
either from the Straits or open-lake stations. Large variances were 
associated with most of the means which indicates complex spatial structure 
for this variable. The largest means for particulate silica were obtained 
from the Straits stations, particularly for the cruises in April, August, and 
October when the average concentrations ranged from 0.54 to 0.63 mg/liter 
(Table 12). At the open-lake stations, largest means were found for the 
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April, June, and July cruises when average concentrations ranged from 0.40 to 
0.49 mg/liter (Table 7). In August and October when averages for the open- 
lake stations were smallest, average particulate silica concentrations at the 
Straits of Mackinac stations were greatest. Generally higher concentrations 
of particulate silica in the Straits area indicate that silica limitation of 
diatom growth that occurs in the open lake during late summer and early fall 
is at least partially relaxed in the Straits area. Presumably this relaxation 
is at least partially the result of entrainment of silica-rich hypolimnetic 
water from Lake Huron in the epilimnetic waters of the Straits area. 

CHLOROPHYLL a 

Ranges in epilimnetic chlorophyll concentrations in the Straits area were 
comparable to those found for open-lake stations. In the Straits area a 
somewhat typical seasonal cycle was observed with the largest average 
concentration (2.76 jug/liter) occurring in April (Table 12). The smallest 
average concentration (0.81 Mg/liter) was found in August and then the average 
concentration increased to 1.62 Mg/liter in October. At the open-lake 
stations, the greatest average concentration (2.2 Mg/liter) was found in April 
and the average concentrations decreased each month to the smallest average 
(0.90 Mg/liter) in October (Table 8). Seasonal patterns for the two areas 
therefore obviously were very different. 

TOTAL PHOSPHORUS 

Total phosphorus (TP) concentrations in the Straits region varied little 
among the five cruises. Average concentrations ranged from 5.5 to 8.6 ng/ 
liter with no obvious difference in patterns of concentrations among the 
different sampling dates (Table 12). In fact, there are no statistically 
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significant differences among the mean concentrations for the five cruises. 
On the average, concentrations in the Straits area were smaller, but not 
statistically different, than those for the epilimnetic strata at the open- 
lake stations where concentrations ranged from 6.8 to 8*9 Mg/liter (Table 9). 
These results would indicate that average TP concentrations were slightly 
greater in the open lake than in the Straits region. This is the relationship 
that would be expected from mixing Lake Michigan water with Lake Huron water 
that has smaller phosphorus concentrations. 

TOTAL SOLUBLE PHOSPHORUS 

Averages for total soluble phosphorus (TSP) concentrations were less 
variable than average TP concentrations (Table 12). Ranges for average TSP 
concentrations were 2.7 to 3.9 Mg/liter for the Straits stations, and 3.4 to 
4.7 Mg/liter for the open-lake stations (Table 10). Although there was 
overlap in the averages for the two groups of stations, cruise means for each 
of the five cruises was greater for the open-lake stations than for the 
Straits stations. Like data for TP, these results indicate, as expected, that 
phosphorus concentrations in the open lake were greater than those in the 
Straits area. Lower averages for the Straits stations were expected because 
Lake Michigan water is diluted in the Straits area by intrusion of Lake Huron 
water with lower phosphorus concentrations. 

CHLORIDE 

Average concentrations of chloride for the Straits of Mackinac are 
obviously less than those for the open-lake stations. Average concentrations 
for the Straits stations ranged from 6.9 to 7.4 mg/liter (Table 12), whereas 
the average concentrations for open-lake stations ranged from 7.8 to 8.0 mg/ 
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liter (Table 11). Smaller concentrations in the Straits area undoubtedly 
result from intrusion of Lake Huron water with an average chloride 
concentration in 1974 of 5*4 mg/liter (IJC 1977, p. 410) f about 2.5 mg/liter 
less than the 1976 average concentration for northern Lake Michigan 
(Table 11). 

Two obvious spatial differences can be seen from the collected data. 
First, Straits of Mackinac stations (Table 12) were different in some respects 
from stations in the open part of the lake (Tables 2 to 11), and second, 
nearshore stations also differed from those in the open part of the lake. 
There were differences between Straits of Mackinac stations and open-lake 
stations in epilimnetic averages of data for water temperature, pH, and 
ammonia nitrogen (Table 12). Nitrate nitrogen and silica averages were 
smaller for the April, June, and July samples from the Straits stations, but 
in July and August averages were smaller for the open-lake stations. These 
differences were attributed to shallower water that stratified earlier at the 
Straits of Mackinac area and intensified photoplankton utilization of 
nutrients, and to the inflow of subsurface water from Lake Huron which 
supplied nitrate and silica-rich water to the epilimnetic water of the open- 
lake stations after thermal stratification was established. Greater soluble 
silica concentrations in August and October in the Straits of Mackinac were 
associated with particulate silica concentrations that were nearly twice as 
large as those for the open-lake (Table 12). These larger standing crops of 
diatoms would be expected to result from the enrichment of open-lake silica- 
limited waters with silica-rich waters from Lake Huron. 

Differences in chlorophyll a concentrations between the Straits of 
Mackinac and open-lake stations probably also resulted from seasonal 
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differences in the thermal cycle and timing of thermal stratification. The 
average standing crop of 2.8 ixg chlorophyll a/liter in April for the Straits 
stations was the largest cruise mean obtained, but epilimnetic means of 2.2 
and 2.1 Mg/liter were obtained for April and June in the open lake. Given the 
large variances, there are no differences among these means. 

Epilimnetic averages of total phosphorus and total soluble phosphorus for 
open-lake stations were greater on each of the five cruises than those for the 
Straits of Mackinac stations. The differences are not statistically 
significant if the usual statistical tests are utilized; however, the fact 
that the open-lake stations have greater averages for all 10 pairs of data 
than the Straits stations indicates that the differences are real. Greater 
concentrations would be expected in Lake Michigan because water in the Straits 
is diluted with Lake Huron water that has an average total phosphorus 
concentration of 5 jug P/liter (IJC 1976) compared to an average of 8 ixq P/ 
liter or more for open Lake Michigan (Table 8). 

The most obvious difference between the Straits of Mackinac and open-lake 
stations is in chloride concentrations. Epilimnetic averages for the open- 
lake stations only ranged from 7.9 to 8.0 mg/liter in comparison to averages 
for the Straits stations which ranged from 6.9 to 7.4 mg/liter. Lower 
averages in the Straits samples result from entrainment and mixing of Lake 
Huron water, which in 1974 had an average chloride concentration of 5.4 mg/ 
liter (IJC 1976), with open Lake Michigan water. Mixing of water masses in 
the Straits area is evident from the chloride data because, with the exception 
of the first cruise when there were methodological problems with chloride 
analysis, standard deviations for the Straits stations are three to four times 
greater than those for the open-lake stations (Tables 11 and 12). 



116 



Average conditions at the nearshore stations differed in certain respects 
with those for epilimnetic samples from the offshore stations. However, in 
general these differences were relatively small, with the exception of 
chlorophyll concentrations in April and June when offshore waters were not 
stratified. Average nearshore chlorophyll a concentrations in April and June 
were 7.2 and 3.4 Mg/liter compared to open-lake averages of 2.2 and 2.1 /xg/ 
liter. Larger nearshore averages probably resulted from greater phosphorus 
supplies and from the fact that the nearshore waters stratified sooner and, as 
a consequence, had greater water temperatures in April and June than the 
offshore waters. Another result of larger nearshore standing crops was that 
silica and nitrate concentrations in April and June were much lower in the 
nearshore than in the open-lake epilimnion. 

Although there may be large differences between nearshore and open-lake 
conditions, the significance of these differences depends on the problems or 
questions of interest (Schelske 1980). Tributary inputs of nutrients, 
particularly phosphorus, that produce larger nearshore phosphorus and 
chlorophyll a concentrations than are found in the open waters obviously 
affect nearshore water quality and eventually impact the open lake if large 
inputs continue over a long period. However, larger concentrations of 
materials near shore affect lake-wide average concentrations of nutrients very 
little. The effect is small because the nearshore volume (less than 40 m 
deep) is a relatively small fraction, about 5%, of the total lake volume 
(Schelske 1980). It can be seen from the hypsographic curve of Lake Michigan 
that the cumulative area of the lake increases much more rapidly than the 
volume and that the 25% of the nearshore lake surface only accounts for 5% of 
the total volume (Fig. 41). Therefore, for comparison of long-term trends, it 
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FIG. 41. Hypsographic curve of Lake Michigan as cumulative percent of 
area and volume (from Long and Schueler 1968). 
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is essential to obtain data that represent open-lake conditions and it is 
relatively unimportant to obtain data on the nearshore environment. 

Greater differences between nearshore and offshore conditions were 
reported previously (Table 13) than were found for the present study (Tables 
2-11). In the previous studies greater ranges resulted because data from 
southern basin nearshore areas as well as data from nearshore areas near large 
sources of tributary loading were included. Studies that show greater 
enrichment and standing crops of phytoplankton in the nearshore and southern 
basin of the lake than in the northern basin of the lake have been reviewed 
and discussed by Tarapchak and Stoermer (1976). 

The purpose of the present study was not to analyze long-term trends in 
different variables. Establishing long-term trends is difficult for variables 
other than the conservative parameters because the historical data are limited 
and of questionable quality (see Schelske et al. 1980). In addition, data on 
phosphorus and chlorophyll a vary seasonally and have large variances 
associated with them (Tables 7, 9) which complicate attempts to determine 
trends in concentrations. 

It is perhaps of interest, however, to show how average conditions in the 
open waters of Lake Michigan differ from those in Lake Superior and Lake Huron 
which are more oligotrophic and in Lake Erie and Lake Ontario which are more 
eutrophic. The major differences between the upper lakes and Lake Ontario and 
Lake Erie is that the lower lakes have several times greater average 
chlorophyll a and total phosphorus concentrations (Table 14). In addition, 
the summer minimum in nitrate nitrogen concentration is lowest in Lake Erie. 
Nitrate concentrations in the summer are reduced more in the lower lakes 
because they produce the largest standing crop of phytoplankton and 
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TABLE 13. Representative values for physical-chemical variables in offshore 
and near shore waters of Lake Michigan. Range, with the exception of data for 
total phosphorus and total alkalinity, is due to seasonal cycles. t Nearshore 
zone is with the 40-m contour. 



Offshore Nearshore 

Temperature (°C) 0.1-24 0.1-24 

pH 8.1-9.0 7.9-9.1 

Total alkalinity (meq/liter) 2. 04-2.17 2.06-2.23 

NCL-N (mg/liter) 0.10-0.28 0.010-1.0 

NH -N (mg/liter) <0.025 

Si0 2 (mg/liter) <0.1-1.4 <0. 1-3.0 

Total P (Mg/liter) 5-10 15-150 

Chlorophyll a (mg/m 3 ) 0.7-2.7*, 1.0-4.5** 2-> 20 

*Ladewski and Stoermer (1973). 
**Rousar (1973). 
tFrom Schelske et al. 1980. 



chlorophyll a which requires nitrate nitrogen. The maximum nitrate 
concentrations in the upper lakes are similar, but the range is greatest for 
Lake Michigan which produces the largest standing crop of chlorophyll a. 
Likewise, silica levels are reduced to limiting concentrations in Lake 
Michigan but not in the other upper Great Lakes and the range in seasonal 
difference increases with total phosphorus concentrations (Schelske 1975). 
Silica concentrations in the lower lakes are low, indicating that diatoms grow 
under silica concentrations that are limiting or near limiting for diatom 
growth throughout the year. A concentration of 0.37 mg Si0 2 /liter has been 
considered as rate limiting for diatom growth in Lake Michigan (Parker 
et al. 1977) based on the work of Kilham (1975). 
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TABLE 14. Maximum total phosphorus and chlorophyll a concentrations and 
seasonal changes in silica and nitrate nitrogen concentrations in the 
Great Lakes. Data for the early 1970s and are summarized from Weiler 
(1980), Schelske et al. (1980), IJC (1976), and Dobson et al. (1974). 







Maximum 

Total P 

(ug P/L) 


Maximum 
Chlorophyll a 
(jug/L) 


Seasonal 


Differences 


Lake 


Silica 
(mg Si0 2 /L) 


Nitrate 
(mg N/L) 


Ontario 


25 


8-9 


0.1-0.5 


0.04-0.28 


Erie, EB 


25 


7-8 


<0.1-0.3 


0.02-0.18 


Erie, CB 


30 


10-11 


<0. 1-0.3 


0.02-0.14 


Michigan 


8 


3-4 


0.1-1.4 


0.10-0.28 


Huron 


5 


2 


1.1-1.9 


0.21-0.26 


Superior 


4 


1 


2.3-2.4 


0.23-0.28 



The comparison of conditions in the upper lakes with those in the lower 
lakes shows a large difference in average concentrations of total phosphorus 
and chlorophyll a. There are two points of importance about the difference in 
concentrations. First, the total phosphorus concentration is large in Lake 
Ontario, and a reduction in average concentration of 6 jug P/liter or more has 
occurred there since 1974-76 as the result of phosphorus control measures. 
This reduction is more than the total phosphorus concentration in either Lake 
Superior or Lake Huron (Table 14). Second, average total phosphorus 
concentrations among the three upper lakes vary only from 4 to 8 Mg P/liter. 
However, there are definite biological changes that apparently have resulted 
from the relatively small amount of phosphorus enrichment of Lake Huron and 
Lake Michigan compared to Lake Superior. Silica depletion which occurs in 
Lake Michigan but not in Lake Huron or Lake Superior is the result of 
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increased diatom growth and phosphorus enrichment (Schelske and Stoermer 
1971). 

Several points should be made about the design of studies on Lake 
Michigan. First, nearshore conditions differ from those in offshore waters, 
particularly in the southern part of the lake. Second, because of 
disproportionate nearshore loading (Schelske 1980), the effects of nutrient 
enrichment are most obvious in the nearshore areas that are influenced by 
tributary and other nearshore nutrient sources. Third, even among stations 
that might be considered offshore, there are distinct differences in chemical 
characteristics. General conditions at stations to the west of the Straits of 
Mackinac may be affected by inflow of water from Lake Huron, and phasing of 
seasonal changes is affected by water depth. Station 36 consistently had 
different characteristics than the other three master stations, an effect 
which was attributed to this being the shallowest station. Because the 
station was shallow, the water column stratified earlier and surface 
conditions changed rapidly in comparison to deep stations. Fourth, sampling 
strategies must reflect temporal and spatial scales that depend on the 
variable and problem of interest. For example, long-term or year-to-year 
changes in chloride can be detected with relatively little spatial and 
temporal sampling compared to that which would be necessary to detect 
differences in total phosphorus concentrations. Chloride concentrations 
averaged 8 mg/liter in 1976 (Table 11), possibly four times greater than in 
1900 (Beeton 1969). The relative change in total phosphorus since 1900 has 
probably been less than a four-fold change. Determining changes in total 
phosphorus concentrations is complicated by seasonal and spatial variability 
and by large variances in cruise averages. The source or sources of 
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variability have not been studied adequately. Finally, the implication 
underlying the above points is that sampling strategies must be designed for 
specific purposes. This is not to say that sampling for every study should be 
undertaken separately. In fact, if costs and logistics of obtaining data are 
considered, multiple purpose studies may be highly desirable and cost 
effective. 
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INTRODUCTION 

In this section we summarize phytoplankton abundance and distribution 
patterns within the area of interest. The distribution patterns of abundant 
specific populations and composite groups have been plotted. A complete 
listing of all populations encountered and summary information concerning 
their abundance is contained in Appendix I. The complete numerical data set, 
in computer compatible format, was transferred to the sponsoring agency 
project officer (Mr. Nelson Thomas), as required, and should be available from 
USEPA. 

When studying an area as large as northern Lake Michigan, it is necessary 
to reach a reasonable compromise between areal coverage and desirable sample 
density in areas of special interest, where strong gradients may exist. In 
this study we have analyzed samples from the same stations taken for chemical 
and physical measurements. Because previous work has indicated that the 
region near the Straits of Mackinac was somewhat atypical of the rest of the 
lake (Schelske et al. 1976), sample density was increased in this region. The 
other region of special interest in northern Lake Michigan is Green Bay. 
Because of severe eutrophication problems, Green Bay has been more intensively 
studied than the offshore waters of the lake. Data comparable to those 
presented here have been developed for Green Bay as part of another study 
(Stoermer and Stevenson 1980). 

MATERIALS AND METHODS 
Samples were taken as 125-mL splits from Niskin Bottle casts, fixed in 
glutaraldehyde for a minimum of 4 hr at 4°C in the dark, and prepared as semi- 
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permanent microscope slides by the membrane filter clearing technique 
(Schelske et al. 1976). 

Slides were analyzed by enumeration of taxa which occurred on replicate 
transects of the prepared slides. Count data were encoded and subsequent 
calculations of population density estimates and graphic representations of 
population density distributions were produced using a locally developed 
biological data base management system (FIDO). Distribution patterns of most 
abundant taxa are shown in subsequent sections of this report and a summary of 
the occurrence of all taxa recorded is provided in Appendix I. Original data 
are available in hard copy and computer compatible format (magnetic tape) in 
this laboratory. 

PHYTOPLANKTON DISTRIBUTION IN NEAR SURFACE WATERS 
Total phytoplankton abundance in the near-surface waters (Fig. 42) was 
low in April, with maximum densities at stations near shore and in relatively 
shallow water in the Straits region. There appears to be a north-south 
differentiation due to earlier development of the thermal bar at inshore 
stations on the southern transect. Relatively high phytoplankton abundances 
tend to follow the outward excursion of the thermal bar at stations sampled 
during the June cruise. In July, phytoplankton abundance was relatively 
uniform across the lake, with a trend toward higher values in the southern 
part of the sampling area. Phytoplankton abundance declined at most stations 
by August, but relatively high abundances were present at stations along the 
western shore which may be influenced by discharges from Green Bay. 
Phytoplankton abundance also increased in the Straits area, perhaps as a 
result of nutrient replenishment by the Lake Huron counter flow. 
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FIG. 42. Seasonal distribution and abundance trends of the total phytoplank- 
ton assemblage (cells/mL). 
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Phytoplankton abundance increased in October , particularly at southern 
stations , probably as a result of nutrient replenishment resulting from down- 
mixing to the thermocline. 

Total diatom abundance (Fig. 43) followed the same general pattern as 
total phytoplankton abundance during April, June f and July. Following 
complete stratification and silica depletion in the surface waters , the 
abundance of this group was severely depressed except at nearshore stations 
and stations in the Straits region where nutrient resupply allowed continued 
growth. A slight increase in diatom abundance was noted in October , probably 
as a result of nutrient resupply from thermocline depression. 

Most species of Achnanthes (Fig. 44) are primarily benthic organisms and 
significant occurrences in plankton samples are an index of benthic 
entrainment or entrainment from river sources. Small populations were found 
at stations in the Straits area and at nearshore stations on all cruises. An 
anomalously high abundance of members of this genus was found at Station 67, 
near Beaver Island, on the July cruise. 

Members of the genus Amphora (Fig. 45) are also primarily benthic. 
Although somewhat less abundant than Achnanthes , they followed the same 
general distribution pattern, including very high values at Station 67 in 
July. They were also unusually abundant at stations near Rawley Point on all 
sampling dates. 

Asterionella formosa Hass. (Fig. 46) is a widely distributed and 
apparently eurytopic species. It reached highest abundance at Station 10 near 
Big Sable Point in April, but was more generally abundant during July. Unlike 
some of the other diatom species, significant populations were noted 
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FIG. 44. Seasonal distribution of the genus Achnanthes . 
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FIG. 45. Seasonal distribution of the genus Amphora. 
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throughout the summer, particularly at stations near shore which may have been 
supplied with added nutrients from upwelling or shoreline sources. 

Cyclotella comensis Grun. is a species which has not been historically 
abundant in Lake Michigan. In recent years it has become a major dominant in 
Lake Huron and occurs in bloom quantities during the summer in areas such as 
Thunder Bay and the Saginaw Bay interface which receive significant nutrient 
inputs (Stoermer and Kreis 1980). Based on Stoermer and Kreis's observations, 
it is able to utilize silica at particularly low levels and has a relatively 
high nitrate requirement. In northern Lake Michigan it was particularly 
abundant at stations in the Straits area, although populations were found at 
most stations sampled during July, August, and October (Fig. 47). 

Cyclotella comta (Ehr.) Grun. previously was a dominant population at 
offshore stations throughout the lake during the summer (Stoermer and Yang 
1969). During this study the only abundant occurrences noted came from 
stations in the Straits area, although isolated populations were found 
throughout the region sampled during July (Fig. 48). This species is one of 
the oligotrophic populations which are characteristically eliminated by 
eutrophication in the Great Lakes (Hohn 1969). 

Cyclotella ocellata Pant, is another member of the characteristically 
oligotrophic Cyclotella flora (Hutchinson 1967). In the modern Great Lakes 
significant populations are usually found in surface waters only during 
circulation periods. It remains abundant in the subthermocline phytoplankton 
maximum and its appearance after stratification has become established is a 
good indicator of upwelling. In northern Lake Michigan it was present at most 
stations sampled during the first three cruises, although abundance was 
reduced at stations near Green Bay. In August it was present only in apparent 
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FIG. 46. Seasonal distribution of Asterionella formosa. 
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FIG. 47. Seasonal distribution of Cyclotella comensis . 
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FIG. 48. Seasonal distribution of Cvclotella comta. 
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upwelling areas at Big Sable Point, Point Betsie, and south of Beaver Island, 
and in the Straits area. In October it was present at most stations in the 
Straits area, but only isolated occurrences were noted at the other stations 
sampled (Fig. 49) . 

Cyclotella pseudostelligera Hust., unlike members of the genus discussed 
above, is usually restricted to highly eutrophied areas. In northern Lake 
Michigan the only significant occurrences were at stations in the Rawley Point 
vicinity, near Manitowoc. Minor occurrences were noted at stations in the Big 
Sable Point vicinity, near Ludington, Michigan, and near the Sturgeon Bay Ship 
Canal (Fig. 50). 

Cyclotella stelligera (CI. & Grun.) V. H. is a major plankton dominant in 
the upper Great Lakes. It responds to phosphorus enrichment (Schelske and 
Stoermer 1972, Schelske et al. 1972), but is reduced in abundance in areas 
which are severely eutrophied (Stoermer 1978, Stoermer and Kreis 1980). In 
northern Lake Michigan (Fig. 51) it was present at most stations sampled in 
April and June and reached peak abundance during July. There was a tendency 
for abundance to be reduced at near shore stations, particularly on the western 
side of the lake. Substantial populations of this species were found at 
stations in the Point Betsie vicinity during August but only isolated 
occurrences were noted at other stations sampled during the last two cruises. 

Members of the genus Cymbella are primarily benthic. As might be 
expected, most occurrences noted in northern Lake Michigan (Fig. 52) came from 
near shore stations or stations in the relatively shallow Straits area. 
Anomalously high numbers were found at Station 67, south of Beaver Island, 
during the July cruise. 
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FIG. 49. Seasonal distribution of Cyclotella oc el lata . 
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FIG. 50, Seasonal distribution of Cyclotella pseudostelligera . 
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FIG. 51. Seasonal distribution of Cvclotella stelligera, 
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FIG. 52. Seasonal distribution of the genus Cyrobella . 
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Diatoma tenue var. elongatum Lyngb. has been associated with ecological 
disturbance in the Great Lakes (Hohn 1969 r Stoermer 1978). In northern Lake 
Michigan (Fig. 53), highest population levels occurred landward of the thermal 
bar in the spring. It became fairly widely distributed in the open waters in 
July, but these populations collapsed and only a few specimens were found in 
samples collected during the final two cruises. 

Fragilaria crotonensis Kitt. is a widely distributed and apparently 
eurytopic taxon. It was widely distributed in northern Lake Michigan 
(Fig. 54) and abundance patterns were quite erratic. Highest abundance 
occurred in the Straits area during the early spring. Unlike many other 
species of diatoms, F. crotonensis maintained significant populations during 
summer stratification, particularly at near shore stations, and recovered 
rapidly in the fall. 

Fragilaria pinnata Ehr. is a primarily benthic species, however it is 
often entrained in the plankton and fairly large populations may be found in 
plankton samples from certain regions in the Great Lakes (e.g., Stoermer and 
Kreis 1980). Its distribution in northern Lake Michigan (Fig. 55) was unusual 
in that high abundance was restricted to near shore stations on the western 
side of the lake. This occurrence pattern has previously been noted (Stoermer 
and Yang 1970), but the reason for it is not apparent. 

Melosira islandica 0. Mull, is a typical winter dominant in the Great 
Lakes. Because of its heavy silicification (Stoermer et al. 1981), it rapidly 
sinks out of the surface waters following stratification. Although intolerant 
of extremely eutrophic conditions, very high population densities are 
sometimes found at stations landward of the thermal bar during the spring 
(Stoermer and Kreis 1980). Its distribution in northern Lake Michigan 
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FIG. 53. Seasonal distribution of Diatoma t enue var. elongatum . 
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FIG. 54. Seasonal distribution of Fragilaria crotonensis , 
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FIG. 55. Seasonal distribution of Fragilaria pinnata . 
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(Fig. 56) reflected these tendencies. Relatively high population densities 
were present at many stations sampled in April, particularly in the developing 
thermal bar region on the southern transect and at relatively shallow stations 
in the Straits region. With development of stratification, near shore 
populations collapsed in June and offshore population densities were reduced 
to low levels by July and remained low during the rest of the sampling season. 

Melosira italica subsp. subarctica 0. Miill. The distribution and 
seasonal trends of population abundance of this species are quite similar to 
those of M. islandica (Stoermer 1978), although it has apparently become 
relatively more abundant in recent years than it was previously. 
Its distribution in the near-surface waters pf northern Lake Michigan 
(Fig. 57) was similar to that of M. islandica , but population levels were even 
more depressed in the area affected by discharges from Green Bay, and 
populations of M. italica subsp. subarctica tended to persist longer into the 
summer stratified period. 

Most members of the genus Navicula are primarily benthic. Like the 
benthic genera previously discussed, its distribution in near-surface plankton 
samples from northern Lake Michigan (Fig* 58) was largely restricted to 
near shore stations. It also shows the same anomalously high abundance in the 
sample from Station 67 taken during the July cruise that was noted for 
Achnanthes and Cymbella . 

Rhizosolenia eriensis H. L. Sm. was described originally from the Great 
Lakes and was widely distributed throughout the system. According to Hohn 
(1969) it has been nearly eliminated from Lake Erie and similar reductions in 
abundance have been noted in other eutrophied regions. In northern Lake 
Michigan (Fig. 59) largest populations were found in the Straits area during 



148 





12-P RUG 1976 
200 





1376 



/.'00 



'// 



y 




q 



'(3 



A 



^J> ■ 



J 



10-16 JUL 1976 
/200 



< / 

v /n 



FIG. 56. Seasonal distribution of Melosira islandica, 
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FIG. 57. Seasonal distribution of Melosira italica subsp. subarctica. 
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FIG. 58. Seasonal distribution of the genus Navicula. 
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FIG. 59. Seasonal distribution of Rhizosolenia eriensis, 
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the April cruise. During June and July significant populations were found at 
most stations sampled and there was a trend toward highest abundance at 
stations on the eastern side of the lake. Populations of this species had 
collapsed by August and only a few occurrences were noted , especially in 
apparent upwelling areas. In October small populations were found in the 
Straits area and at occasional stations in the open lake. 

Rhizosolenia gracilis H. L. Sm. was also originally described from the 
Great Lakes and has the same general ecological preferences as R. eriensis , 
although it is apparently somewhat more tolerant of eutrophication (Stoermer 
1978). Its distribution in northern Lake Michigan was qualitatively similar 
to that of R. eriensis (Fig. 60) although it was less abundant and populations 
do not recover in the fall samples to the extent that R. eriensis does. 

Stephanodiscus hantzschii Grun. is apparently widely distributed in 
mesotrophic to eutrophic lakes and often becomes a dominant population in 
small, highly eutrophic lakes. It is commonly reported from the Great Lakes, 
although there are substantial questions regarding the taxonomic 
interpretation in some reports. In the Great Lakes it appears to be most 
abundant during the winter and early spring, when nutrients are abundant, and 
to maintain high population levels into the stratified period only in areas 
which are severely eutrophied (Stoermer et al. 1974). In northern Lake 
Michigan it was relatively abundant at stations sampled during the April 
cruise, became less abundant in June, and was virtually absent during the rest 
of the year (Fig. 61). 

Stephanodiscus minutus Grun. is somewhat similar to S. hantzschii in 
occurrence and distribution, but tends to be less characteristic of highly 
eutrophic environments. In northern Lake Michigan it was abundant at stations 
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FIG. 60. Seasonal distribution of Rhizosolenia gracilis . 



154 




22-28 APR 1976 
/20Q 




Mr 


' / : 
*-* 

'0 ^ 


4 


m A \ 



■J. 



1 / / 



V-' 



/ / 






FIG. 61. Seasonal distribution of Stephanodiscus hantzschii. 
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sampled during the April and June cruises (Fig. 62) and isolated populations 
were noted during the other cruises , particularly at stations on the eastern 
side of the lake. In October it was uniformly present, although in low 
abundance at stations in the Straits area. 

Stephanodiscus subtilis (Van Goor) A. CI. is characteristic of extremely 
eutrophied and disturbed regions of the Great Lakes. It is often a dominant 
population in polluted rivers entering the lakes, and very high population 
densities are found in areas such as Saginaw Bay. In northern Lake Michigan 
its occurrence in near-surface samples was restricted to Station 2 off Rawley 
Point near Manitowoc, Wisconsin (Fig. 63). It is reported as occasionally 
abundant in Green Bay (Stoermer and Stevenson 1980) but these populations 
apparently do not survive transport into open Lake Michigan. 

Synedra filiformis Grun. is a common and widely distributed form in the 
upper Great Lakes. It apparently is able to utilize relatively low levels of 
nutrients. In northern Lake Michigan its distribution and abundance patterns 
tended to follow the very general pattern of temperature change and nutrient 
depletion in the surface waters (Fig. 64). It was relatively abundant at 
stations in the Straits region and at nearshore stations during April and 
June. Maximum abundance in the offshore waters occurred in July, only to 
collapse by August . Small populations were again present by October, 
particularly in the Straits region. 

Synedra delicatissima var. angustissima Grun. is morphologically similar 
to S. filiformis and has somewhat similar ecological affinities. In northern 
Lake Michigan (Fig. 65) it was most abundant in the far northern part of the 
lake early in the season. Population levels were much reduced by July, and no 
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FIG. 62. Seasonal distribution of Stephanodiscus minutus . 
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FIG. 63. Seasonal distribution of Stephanodiscus subtilis. 
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FIG. 64. Seasonal distribution of Synedra filifonnlS i 
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FIG. 65. Seasonal distribution of Synedra delicatissima var. angustissima . 



160 



specimens were found in the August near-surface samples. It was noted again 
in scattered samples from the October cruise, but in very low abundance. 

Synedra ostenfeldii (Krieger) A. CI. is a colonial species characteristic 
of mesotrophic to eutrophic large lakes. It was not particularly abundant in 
northern Lake Michigan (Fig. 66), but populations were noted at a number of 
stations early in the year. It occurred at stations in the Straits area and 
stations landward of the thermal bar in April and June. By July these 
populations had largely disappeared, but S. ostenfeldii was present in 
maximum yearly abundance at offshore stations on the southern two transects. 

Tabellaria flocculosa var. linearis Koppen is a representative of a genus 
widely reported as a major plankton dominant in the Great Lakes system. The 
distribution of this entity in northern lake Michigan (Fig. 67) was somewhat 
unusual, In April it was abundant at stations in the Straits area and, 
especially, at nearshore stations along the western coast. Highest abundance 
occurred at Station 29 near Death's Door. A similar pattern was observed in 
June, although abundance at stations in the Straits area declined relative to 
stations near Green Bay. Populations were more widely distributed, but 
reduced in numbers by July, and only a few occurrences were noted in August. 
Population densities increased again in October, particularly at stations 
where this entity had been abundant during the spring. 

The Chlorophyta (green algae - Fig. 68) was a more important component of 
phytoplankton assemblages in northern Lake Michigan than might be supposed on 
the basis of historic reports. Scattered populations were noted during the 
April and June cruises and green algae were present in relatively high 
abundance at all stations after stratification. Highest abundance was found 
during the August cruise, particularly at stations in the Straits area. The 
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FIG. 66. Seasonal distribution of Svnedra ostenfeldii. 
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FIG- 61. Seasonal distribution of Tabellaria flocculosa var. linearis, 
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FIG. 68. 



Seasonal distribution and abundance trends of green algae. 
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increase*! abundance following stratification might be expected on the basis of 
Schelske and Stoermer' s (1971) projection of the effects of silica depletion 
in Lake Michigan, but it should be emphasized that the overall increase is 
also related to the abundance of certain taxa in the spring, which have not 
previously been reported from Lake Michigan. 

Ankistrodesmus falcatus (Corda) Ralf s has been reported as being abundant 
in early spring samples from Lake Ontario (Stoermer et al. 1974). In northern 
Lake Michigan it was relatively abundant and uniformly distributed in April 
and June samples (Fig. 69). Following stratification, population levels 
declined and this species was a minor component of phytoplankton assemblages 
for the rest of the season. 

An unidentified member of the genus Ankistrodesmus (sp. #6) had quite 
different behavior in northern Lake Michigan (Fig. 70). It was not noted in 
our April and June samples, but occurred in relatively high abundance at most 
stations sampled in July. Populations declined at open lake stations by 
August but high population densities were maintained in the Straits area. 
This species had declined further to very low abundance by October. 

Although present earlier in the year, G loeocystis planctonica (West and 
West) Lemm. had a similar pattern of seasonal distribution (Fig. 71). This 
species is common in Lake Huron (Stoermer and Kreis 1980) and Lake Ontario 
(Stoermer et al. 1974) and is apparently becoming more abundant in Lake 
Michigan. It did not appear to be particularly associated with high levels of 
eutrophication, but was probably favored by silica depletion during summer 
stratification. 

Nephrocvtium agardhianum Nag. is an example of a green alga which had 
much more limited seasonal distribution in northern Lake Michigan (Fig. 72). 
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FIG. 69. Seasonal distribution of Ankistrodesmus falcatus. 
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FIG. 70. Seasonal distribution of Ankistrodesmus (sp. #6) 
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FIG. 71. Seasonal distribution of Gloeocvstis planctonica. 
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FIG. 72. Seasonal distribution of Nephrocvtium agardhianum . 
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It was present in very low quantities in July, became a major component of 
phytoplankton assemblages in the near-surface waters by August, then declined 
to insignificant levels by October. This species has not been reported in 
large quantities in most investigations of phytoplankton in the Great Lakes. 

Scenedesmus bicellularis Chod. r on the other hand, is usually associated 
with highly eutrophied regions of the Great Lakes. Stoermer et al. (1974) 
report it as a spring dominant in Lake Ontario and Vollenweider et al. (1974) 
list it [as S. bijuga var. irregularis G. M. Sm. - see Uherkovich (1966) for 
discussion of systematics of this genus] as a characteristic species in Lake 
Ontario and Lake Erie, although no abundance estimates are provided. 
In northern Lake Michigan it was abundant at most stations sampled in the 
spring, reaching maximum abundance in June (Fig. 73). Only isolated 
populations were noted in subsequent samples, although it remained abundant at 
Stations 2 and 10 in July. 

Many members of the Chrysophyta are motile cells which are capable of 
rapid response to changing nutrient conditions and may form transient blooms. 
This behavior was reflected in the general distribution of the group in 
northern Lake Michigan (Fig. 74). Chrysophytes were most abundant in the 
Straits area and at stations landward of the thermal bar in April and June, 
reaching their greatest abundance in June. Following the establishment of 
stratification, populations declined in the near shore waters, but the group 
remained relatively abundant at offshore stations sampled in July. 

Members of the genus Dinobryon have historically been considered an 
important component of phytoplankton assemblages in Lake Michigan (Ahlstrom 
1936). Because they form large colonies they tend to be oversampled in net 
collections, and even with other sampling techniques their abundance tends to 
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FIG. 73. Seasonal distribution of Scenedesmus bicellularis. 
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FIG. 74. Seasonal distribution and abundance of chrysophytes . 
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be patchy and population estimates have large uncertainties. Numerous authors 
(e.g., Hutchinson 1967) have commented on the tendency of members of this 
genus to occur in abundance following blooms of other taxa. Distribution of 
Dinobryon in northern Lake Michigan is an example of this pattern. Maximum 
population abundance first developed at shallow stations in the Straits area 
and followed the excursion of the thermal bar in the open lake. Population 
densities were minimal in August, but redeveloped at stations in the Straits 
area and along the Michigan coast by October (Fig. 75). 

Our samples from Northern Lake Michigan contained significant numbers of 
small species of Ochromonas of uncertain specific affinities. The general 
distribution of these entities (Fig. 76) was somewhat similar to Dinobryon but 
populations tended to be more evenly distributed, both seasonally and areally, 
and regenerated more rapidly in the fall. 

The Cyanophyta (blue-green algae) were an important component of 
phytoplankton assemblages in northern Lake Michigan, particularly in the fall 
(Fig. 77). Relatively small populations were present in spring and early 
summer samples. High population levels were noted in August, particularly at 
stations near Green Bay, and the blue-green algae became an important 
component of phytoplankton assemblages sampled by October. 

The distribution of Anabaena flos - aquae (Lyngb.) Br6b., a potential 
nuisance form, was highly irregular. Large populations were noted at isolated 
stations sampled in July and August, but no particular distribution pattern 
was evident (Fig. 78). 

Anacystis incerta (Lemm. ) Dr. & Daily was much more generally distributed 
in our samples (Fig. 79). This species is a potential nuisance population 
which has become quite abundant in disturbed regions of the Great Lakes. In 
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FIG. 75. Seasonal distribution of the genus Dinobryon . 
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FIG- 76. Seasonal distribution of the genus Ochromonas , 
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FIG. 77. Seasonal distribution and abundance of blue-green algae (cells/mL) 
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FIG. 78. Seasonal distribution of Anabaena flos - aquae . 
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FIG. 79. Seasonal distribution of Anacvstis incerta. 
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Lake Huron it is associated with the Saginw Bay water mass, although it 
invades stations in the open lake late in the season. Its distribution in 
northern Lake Michigan is similar. Only small populations were found in April 
and June samples, but it became quite abundant at stations near Green Bay in 
August. By October it was generally distributed throughout the area sampled. 

Anacystis thermalis (Menegh.) Dr. & Daily was considerably less abundant 
than A. incerta , but had a generally similar distribution pattern (Fig. 80). 
Significant populations first occurred at Station 29, near Death's Door, and 
in the Straits area in August and populations were generally distributed 
through northern Lake Michigan by October. 

Schizothrix calcicola (Ag.) Gom. is one of the few blue-green algae which 
occurred in significant numbers early in the sampling season. It was present 
at most open-lake stations sampled in April, although highest abundance 
occurred! at near shore stations. Population densities increased in June, 
particularly at stations shoreward of the thermal bar. This was followed by a 
decline in July, with maximum population densities being found at midlake 
stations. Populations of this species did not recover significantly during 
the rest of the season sampled. Because individual cells are not resolvable, 
data for this species are reported as filaments/mL (Fig. 81). 

The Cryptophyta, as a group, is a rather enigmatic component of 
phytoplankton assemblages in the Great Lakes. Their physiology is poorly 
known and their systematic affinities are not as clearly defined as those of 
members of most other groups. It appears that, unlike most other groups, the 
same species occur throughout the system. They tend to become more abundant 
in disturbed portions of the system and may be a dominant component of 
assemblages in highly eutrophied areas. In northern Lake Michigan (Fig. 82) 
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FIG. 80. Seasonal distribution of Anacystis thermalis , 
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PIG. 81. Seasonal distribution of Schizothr ix calcicola ( filament s/mL) 
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FIG. 82. Seasonal distribution of and abundance of cryptomonads (cells/mL) 
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they were present in near-surface phytoplankton samples collected in all areas 
at all seasons. They tended to follow the general pattern of phytoplankton 
abundance early in the year and were uniformly distributed during August and 
October. The only distinctive feature of their distribution is that they were 
consistently less abundant in the Straits area than in the rest of the region 
sampled. 

The Pyrrophyta (dinoflagellates) are a numerically minor component of 
phytoplankton assemblages in northern Lake Michigan, but may be an important 
component of biomass because of the large cell size of some species. 
Scattered populations were found in April and June (Fig. 83), with highest 
densities occurring at stations in the Straits area. Maximum abundance at 
open-lake stations was found in July and only scattered small populations were 
noted at stations sampled during the last two cruises. 

Large numbers of small flagellates of uncertain taxonomic affinities were 
present at all stations sampled throughout northern Lake Michigan (Fig. 84). 
Probably because of lack of taxonomic resolution, no distinct trends in 
distribution were noted in this composite group. Their seasonal pattern of 
abundance followed the general pattern of total phytoplankton abundance. 
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FIG. 83. Seasonal distribution and abundance of dinof lagellates (cells/mL) 
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FIG. 84. Seasonal distribution and abundance of unidentified flagellates 
(cells/mL) . 
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VERTICAL PHYTOPLANKTON DISTRIBUTION 
The vertical distribution of phytoplankton populations was studied at 
Master Stations 6, 17 , 25, and 36. These stations are located near the axis 
of the lake in deep water. The general pattern of total phytoplankton 
abundance, that of the major physiological groups, and particular species 
within major groups will be discussed. This information is important in a 
number of different respects • Survival in the hypolimnion is an important 
mechanism of maintaining some indigenous populations during periods of 
nutrient stress in the surface waters. It is becoming increasingly clear that 
gross modifications of vertical distribution is one of the consequences of 
eutrophication and that this may have serious implications for overall trophic 
dynamics of the system (Stoermer 1979). Comparison of vertical distribution 
profiles over time also give a first-order estimate of removal rates. It is 
quite clear that materials sequestered by certain populations are either 
recycled or transformed in the near-surface waters while materials sequestered 
by others may be transported directly to the sediment sink. 

Vertical profiles of total phytoplankton abundance (Fig. 85) show that 
populations were evenly dispersed throughout the water column during the first 
two cruises. In July, a distinct subsurface abundance maximum had developed, 
although near-surface values remained relatively high. The differential 
between surface and maximum values was greatest on the southern transect at 
Station 6. By August, near-surface values had declined, particularly at the 
southern two stations, although subsurface values remained high. In October 
maxima redeveloped in the near-surface waters. It should be noted that there 
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FIG. 85. Vertical distribution of total phytoplankton abundance- 
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was a qualitative difference in vertical distribution patterns between 
northern and southern stations throughout the year* 

The general pattern for diatoms (Fig. 86) was for relatively uniform 
vertical distribution during the first two cruises, development of a near- 
surface maximum in July and a subsurface maximum in August, and return to more 
uniform vertical distribution in October. It should be noted that relatively 
high numbers of diatoms were present in deep water throughout the year. 

Individual diatom species had some distinctive patterns. The vertical 
distribution of Asterionella formosa (Fig. 87) was erratic, with multiple 
peaks present in most profiles. During July, three of the four profiles 
showed relatively high numbers near the surface and a second peak in the 
region of the thermocline. By August only the deep maximum was present. It 
should also be noted that viable Asterionella cells were relatively rare in 
deep samples, indicating that this relatively lightly silicified species 
suffers considerable attrition during sinking. 

In most cases, maximum abundance of Cyclotella comensis (Fig. 88) was 
found in the epilimnion or at thermocline depths. As was previously noted, 
this species appears particularly adapted to surviving very low levels of 
silica and has recently become more abundant in Lake Michigan. In contrast, 
more indigenous populations such as C. comta (Fig. 89) and C. ocellata 
(Fig. 90) were most abundant below the thermocline. It is also noteworthy 
that these populations were present in very low numbers, even at maximum 
development. The more eurytopic C. stelligera (Fig. 91) was one of the 
populations that strongly influenced the general diatom vertical distribution 
pattern because of its high abundance. It was uniformly distributed with 
depth during the first two cruises, most abundant at the surface in July and 
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FIG. 86. Vertical distribution of diatoms. 
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FIG. 87. Vertical distribution of Asterionella formosa. 
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FIG. 90. Vertical distribution of Cyclotella ocellata. 
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FIG. 91. Vertical distribution of Cvclotella stelligera. 
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had very low surface abundance with a deeper maximum in August* By October 
this species was reduced to very low abundance. 

The distribution of Diatoma tenue var. elongatum (Fig, 92) was very 
erratic. At the stations where it occurred it had surface maxima in June and 
July and a subthermocline maximum in August. 

The two species of Melosira which were major dominants in offshore 
phytoplctnkton assemblages had similar vertical distribution patterns. 
M. islandica (Fig. 93) had very limited abundance in near-surface waters after 
June, but significant quantities were present in the deep waters of northern 
stations until August. Melosira italica subsp. subarctica was both more 
abundant and more persistent (Fig. 94). Populations were fairly uniformly 
distributed through the water column during the first two cruises. Near- 
surface populations declined by July, but significant quantities of this 
entity were found below the thermocline through the rest of the sampling 
period. It should be noted that the deep maxima of M. islandica tended to be 
most highly developed at northern stations. The persistence of both species 
below the thermocline is striking. 

The opposite trend was shown by two species of Rhizosolenia abundant in 
our samples (Figs. 95 and 96). Both developed large subthermocline maxima f 
but the relatively fragile cells, particularly of R. eriensis , did not persist 
in deep water. Maximum abundance of R. gracilis was found earlier and its 
cells tended to survive sinking to a greater extent. 

The vertical distribution of two small species of Stephanodiscus showed 
an interesting and somewhat unusual trend (Figs. 97 and 98). Both were 
uniformly distributed through the water column during the first two cruises, 
but were reduced to a minimal abundance in the surface waters by July. 
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FIG. 92. Vertical distribution of Diatpma tenue var. elongatum . 
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FIG. 93. Vertical distribution of Melosira islandica. 
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FIG. 95, Vertical distribution of Rhizosolenia eriensis. 
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FIG. 96. Vertical distribution of Rhizosolenia gracilis . 



200 



22-28 APR 2-7 JUN 10-16 JUL 12-17 AUG 7-13 OCT 
cells/ml cells/il cells/il cells/il cells/il 

■ ■ , 2 P° 9 ■ . , 200 ■ 20 , 20 0, 20 



CD 50- 

zl 100 

£!8l50- 
of 3 

S 2°°' 
250- 



> 



/ 



) 



I 




^ 50 

zlioo^ 

t!8l50< 



CO 



200- 
250-1 



I I 1 I 



Jill 



■ III 



lilt 



l t I I 



! 



in 50- 
2^100 

LJSiso 



CO 



200 
250' 



lil I 



/ 



■ « I 



[ 



■ lt| 



\ 



CO SO 
2^100 

fcj&so 

fe 200 
2SQJ 



■ tii 



\ 



I ■ I I 



■ III 
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FIG. 98. Vertical distribution of Stephanodiscus minutus, 
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In several profiles both showed a monotonic increase in abundance with depth 
following stratification. Stephanodiscus h antzschii was more abundant at 
southern stations and declined more rapidly after stratification than did 
S. minutus . 

Of the three dominant species of Synedr a in our samples, S. filiformis 
(Fig, 99) was most abundant, had the most highly developed deep maxima, and 
was the least persistent in deep samples. It is also the least morphologicaly 
robust. Synedra delicatissima var. angustissima , (Fig. 100), which has 
somewhat more strongly silicified valves, was more abundant in deep samples. 
Largest populations of S. ostenfeldii (Fig. 101), a more eutrophication- 
tolerant form, were found in the epilimnion and few viable cells were found in 
deep samples. 

The vertical distribution of Tabellaria f locculosa var. linearis 
(Fig. 102) was erratic, similar to Diatoma t enue var. elongatum which has the 
same growth habit, but all stations had subthermocline maxima in August. 

The vertical distribution of green algae in northern Lake Michigan had a 
number of interesting and rather unusual aspects. The plot of total abundance 
for this group (Fig. 103) shows that a very pronounced deep maximum developed 
in July which moved downward in August. This presents a somewhat distorted 
picture of behavior of this group, because it mostly represents the extreme 
abundance of a small filamentous green alga of uncertain systematic affinities 
(green filament sp. #5; Fig. 104), particularly at Station 6. We have not 
previously noted abundant occurrences of this species in Lake Michigan, but it 
is extremely abundant in Saginaw Bay and at some stations in Lake Huron which 
are influenced by the Saginaw Bay water mass (Stoermer and Kreis 1980). Other 
species showed different vertical distribution patterns. Both Ankistrodesmus 
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FIG. 100. Vertical distribution of Synedra d elicatissima var. angustissima . 
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FIG. 102. Vertical distribution of Tabellari a flocculosa var. linearis. 
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FIG. 103. Vertical distribution of green algae. 
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FIG. 104. Vertical distribution of green filament sp. #5, 
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falcatus (Fig. 105) and Scenedesmus bicellularis (Fig. 106) were uniformly 
distributed through the water column on the basis of samples taken during the 
first two cruises. After July, populations were much reduced in the near- 
surface waters and maxima developed at subthermocline depth. Both taxa 
persisted in deep samples, which is remarkable in light of the small size and 
relatively fragile structure of the cells. On the other hand, populations of 
Ankistrodesmus sp. #6 (Fig. 107) were largely restricted to epilimnetic 
waters. 

As might be expected, the general pattern of vertical distribution for 
blue-green algae (Fig. 108) was dominated by populations abundant in the near- 
surface waters in late summer and fall. This was true of dominant populations 
such as Anacystis incerta (Fig. 109) and Anacystis thermalis (Fig. 110). 
Schizothrix calcicola (Fig. Ill), however, was most abundant early in the 
sampling period, and persisted only at depths near the thermocline. 

Chrysophytes (Fig. 112) were uniformly distributed through the water 
column during the first two cruises, formed pronounced deep peaks in abundance 
in July, declined in August, and tended to redevelop in the near-surface 
waters in October. The dominant population contributing to this trend was 
Qchromonas spp. (Fig. 113). 

Unlike most of the other groups, the Cryptomonads (Fig. 114) consistently 
had highest abundance in the epilimnion following stratification. This was 
true of the larger species of Cryptomonas (Fig. 115) and of smaller species 
such as Rhodomonas minuta Skuja (Fig. 116) and R. minuta var. nannoplanctica 
Skuja (Fig. 117). 
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FIG. 105. Vertical distribution of Ankistrodesmus falcatus. 
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FIG. 106. Vertical distribution of Scenedesmus bicellularis, 
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FIG. 107. Vertical distribution of Ankistrodesmus sp. #6. 
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FIG. 108. Vertical distribution of blue-green algae. 
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FIG. 109 . Vertical distribution of Anacystis incerta. 
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FIG. 111. Vertical distribution of Schizothr ix calcicola ( filament s/mL) 
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FIG. 112. Vertical distribution of chrysophytes . 
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FIG. 113., Vertical distribution of the genus Ochromonas , 
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FIG. 114. Vertical distribution of cryptomonads . 
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FIG. 115 • Vertical distribution of the genus Cryptomonas . 
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FIG. 116. Vertical distribution of Rhodomonas minuta. 
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Due to their relative rarity, the vertical distribution of 
dinoflagellates was rather erratic (Fig, 118) • Highest abundance was found in 
subthermocline maxima developed in July. 

The vertical distribution of unidentified small flagellates (Fig. 119) 
was somewhat similar to that of the Cryptomonads except that there was a 
tendency to develop dual peaks in abundance near the surface and at or below 
thermocline depth, particularly in July. This may represent the fact that 
several populations were present in this composite group, which have different 
distribution patterns. 
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DISCUSSION AND CONCLUSIONS 
The general pattern of phytoplankton distribution in the surface waters 
of northern Lake Michigan shows several effects of the different physical 
provinces present and different loading conditions imposed by both natural and 
modified conditions. Areas of specific effects attributable to anthropogenic 
loadings are not extensive. Samples from the Rawley Point area consistently 
show high population densities and the presence of populations usually 
associated with degraded water quality. The source of this influence is not 
entirely clear from our data, but it is probably that this region is 
differentiated by a combination of loadings from the Manitowoc, Wisconsin, 
region and periodic nutrient resupply from upwelling after stratification. 
The same situation occurs, to a somewhat more limited extent, on the eastern 
side of the lake in the Big Sable Point region. The effects in this region 
are not so consistent nor so extensive, but there is evidence of direct 
effects of shoreline point source loadings affecting phytoplankton composition 
and abundance. Somewhat surprisingly, the stations which could be affected by 
loadings from Green Bay show more diffuse and integrated effects. Stations 
near Sturgeon Bay and Death* s Door showed an increase in phytoplankton 
abundance during certain sampling periods, and an increase in eurytopic taxa 
tolerant of increased nutrient loads. Samples from these stations do not, 
however, contain large populations of species associated with very high point 
source loadings. This more integrated type of effect appears to be consistent 
with Stoermer and Stevenson's (1980) study of phytoplankton distribution in 
Green Bay. Their results indicate that the phytoplankton flora of northern 
Green Bay is influenced extensively by loadings from the southern bay and by 
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exchange from open Lake Michigan, resulting in a flora which is more or less 
intermediate in composition and abundance. The effects of loadings to Green 
Bay are thus "processed" within Green Bay and f loristic modifications are not 
as great as those which result from direct loadings* 

It is clear that the Straits region of northern Lake Michigan is quite 
distinct from the rest of the lake in terms of phytoplankton species 
composition, abundance, and seasonal cycle. This region appears to be an 
example of naturally productive areas within the system which have not been 
severely modified. The region maintains relatively high levels of 
phytoplankton standing crop, but many of the species present are those which 
do not tolerate eutrophication. In this respect, the Straits region is 
perhaps the best analog of conditions in Lake Michigan before the system was 
modified by anthropogenic impacts. Silica supplies are periodically 
replenished during summer stratification, which allows certain indigenous 
populations, which have been largely extirpated from the rest of the lake, to 
exist in significant numbers in this region. Both abundance and composition 
of phytoplankton in this region tend to be more stable than in the rest of 
northern Lake Michigan. One other characteristic of the Straits region is the 
relatively high abundance of species which are obviously derived from benthic 
communities in the plankton samples. Although this has seldom been discussed 
in the literature, certain regions of the Great Lakes commonly have relatively 
large concentrations of benthic algae entrained in the plankton. Although 
these species are not as numerically abundant as the euplanktonic populations, 
they may constitute an appreciable fraction of the biomass because of the 
large size of some benthic species. In northern Lake Michigan, with the 
exception of the Straits area, most significant occurrences of benthic algae 
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in the phytoplankton collections are found at near shore stations. 
Exceptionally high values were found at Station 67 in the July sample, but 
this pattern was not repeated in subsequent sampling periods and the reason 
for this particular anomalous occurrence is not apparent. 

Some examples of atypical distribution patterns or occurrences were noted 
during the study. These are of particular interest because they may signal 
early stages of modification of the system. As an example, Cyclotella 
comensis was present at most stations sampled during this study. On the basis 
of available records, this species has not been an important component of 
phytoplankton assemblages in Lake Michigan previously. This species has 
generally been reported from oligotrophic lakes, and seems to be increasing in 
abundance in the Great Lakes. It is now a major dominant in Lake Huron 
(Stoermer and Kreis 1980). On the basis of Stoermer and Kreis's data, this 
taxon appears to be particularly efficient at silica utilization, but has a 
high nitrate requirement. In Lake Michigan, it is most abundant in the 
Straits area, where these requirements would be met by nutrient replenishment 
from the hypolimnion. It has, however, also been able to invade stations in 
the open lake despite very low ambient silica levels which effectively limit 
the growth of other diatoms. Occurrences of Cyclotella pseudostelligera are 
usually associated with very high nutrient loadings. The unusual abundance of 
this species at stations in the Rawley Point vicinity thus may be taken as an 
indication of atypical loadings in this vicinity. This is further supported 
by the abundance of other extremely eutrophication-tolerant species, such as 
Stephanodiscus subtilis and atypically high total phytoplankton abundance at 
the same stations. Other eutrophication-tolerant species were much more 
abundant in our samples than in previous studies. Scenedesmus bicellularis 
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was abundant at stations sampled early in the season. This species is a major 
numerical dominant in Lake Erie and Lake Ontario, but has not been previously 
reported as abundant in Lake Michigan. The extreme abundance of a small , 
filamentous, green alga of uncertain taxonomic affinities (designated as green 
filament sp. #5) is particularly noteworthy. This taxon is a dominant in 
extremely eutrophic regions of the Great Lakes system, such as Saginaw Bay 
(Stoermer and Kreis 1980). Its distribution in Lake Michigan is highly 
unusual. It forms a pronounced deep maximum, particularly at Station 6, 
during summer stratification. Its seasonal occurrence is apparently limited, 
as few occurrences were noted in the surface waters, either before or after 
the establishment of stratification. 

Although such specific effects are apparent in the phytoplankton 
distribution data, perhaps the most interesting aspect of our results is the 
subtle, long-term modification of the phytoplankton flora in the northern Lake 
Michigan region which has resulted from the integrated effects of increased 
loading to the system. This is especially apparent in northern Lake Michigan 
because the rather special physical conditions in the Straits region result in 
retention of a flora in this region which is more similar to the indigenous 
type. 

One of the striking aspects of the present-day phytoplankton flora is the 
extreme depth segregation of populations during the summer stratification. 
Many populations, particularly those associated with oligotrophic habits, are 
substantially excluded from the surface waters during stratification. Our 
data indicate that many of these populations survive at sub-thermocline depths 
during the stratified period. They are replaced in the surface waters by 
populations which are tolerant of silica limitation, particularly blue-green 
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algae and flagellates. It is particularly interesting to note that most of 
these populations do not apparently survive sinking to any appreciable extent. 
Thus nutrients sequestered in them are recycled to a greater extent than those 
sequestered by indigenous populations. This may prove important in evaluating 
the future response of this segment of the Lake Michigan system to future 
loadings. One of the factors which has resulted in extreme modification of 
the production base of highly eutrophied systems, such as Lake Ontario, is an 
increase in epilimnetic populations during the summer to the point that 
indigenous populations can no longer exist in the sub-thermocline "refugium" 
because of shading. At this point, production and nutrient sequestering is 
restricted to the epilimnion, resulting in even higher total phytoplankton 
densities, particularly of less desirable populations. Our data indicate that 
this mechanism, once initiated, may be self -perpetuating to a certain extent. 
Increased loadings result in increased abundance of rapidly growing, thermal- 
tolerant populations in the epilimnion which act as a partial nutrient trap 
due to rapid recycle. In such a situation relatively modest further increases 
in nutrient loading could result in a major shift toward complete dominance by 
this component of the phytoplankton assemblage and a drastic modification of 
the production base and apparent water quality in the region. 

Our results thus indicate that northern Lake Michigan is poised at a 
rather critical state. The paucity of previous comprehensive data from this 
region makes definition of trends within the system somewhat hazardous. The 
apparent increasing abundance of green and blue-green algal populations, 
increased, abundance of these populations early in the year, and their invasion 
of the deep phytoplankton maximum may be taken as indicative of drift toward a 
less desirable condition. On the other hand, there are indications of 
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reduction in the abundance of certain populations which are particularly 
responsive to direct nutrient loading. Populations such as Stephanodiscus 
binder anus which have been widely associated with water quality problems in 
Lake Michigan have apparently declined compared to levels noted in previous 
studies (Stoermer and Yang 1970). 
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APPENDIX I. 

Following is a summary of phytoplankton occurrence and abundance in 
northern Lake Michigan. Populations are listed alphabetically by major group. 
The first column gives the Latin name, or other designation in cases of 
populations which could not be clearly identified. The second column gives 
the total number of occurrences within the number of samples examined. Column 
three gives the average population density (cells ' mL ) for the number of 
occurrences. Column four gives the average relative abundance of the 
population in the total assemblage where it occurs. Column five gives the 
maximum observed population density (cells * mL ) and column six gives the 
maximum observed relative abundance of each population. Column seven 
indicates the sample number containing the greatest observed population 
density and the M F#" following indicates the data file within this project 
where this information is stored. The final two columns display the same 
information for relative frequency data. The final statement (p. 245) gives 
the total number of samples observed, the total number of taxa observed, the 
maximum and minimum assemblage abundances (cells * mL ) and the sample 
numbers where these values were found, and the average total assemblage 
abundance averaged over all samples analyzed. 
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